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ABSTRACT 
 
Fatty acids recently gain more attentions due to its potentials as fuel and chemicals. 
However, they are toxic to biocatalysts like many other biofuel compounds. Understanding the 
inhibitory mechanism can help to improve the production of fatty acids. 
In current study, the toxicity of short chain fatty acids: hexanoic, octanoic, and decanoic 
acid on Saccharomyces. cerevisiae and Escherichia.coli were inverstigated with a focus on 
octanoic acid. The toxicity of fatty acids (hexanoic, octanoic, and decanoic acid) in S. cerevisiae 
is dependent on doses and chain lengths, and also leads to damaged membrane intergirity, which 
was confirmed by increased membreane leakage. This induction of membrane leakage could be 
significantly decreased by inctroducing endogenous oleic acid into cell membrane. Although 
E.coli cells showed different response from S. cerevisiae when stressed by hexanoic, octanoic, 
and decanoic acid, similar disrupted membrane intergirity also occurred under octanoic acid 
stress. Futhermore, increased saturated:unsaturated lipid ratio in E. coli was also reported. Thus, 
manipulating memberane lipid to restore membrane integrity possibly overcome toxicity of fatty 
acids and improve production. 
Medium chain length carboxylic acids drive more attention because of their broad 
application in our life. In this thesis, Transcriptomic analysis was applied to construct a robust 
E.coli strain for production of medium chain length fatty acids. The first generation engineered 
strain ML103 (pXZ18Z) (deletion of fatty acid β-oxidation pathway, over-expression of fatty 
acid elongation gene (fabZ) and acyl-ACP thioesterase from R. communis ) was used as a host 
strain to study the possible pathway. Transcriptome analysis revealed a series of disturbed genes 
ix 
 
 
and transcription factors including stress response, biofilm, transporters, nitrogen limitation and 
membrane disruption. 
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CHAPTER 1 GENERAL INTRODUCTION 
 
1.1 General Introduction 
Two projects are included in this thesis:  
Project I: Antibiotic Resistance in Agricultural E. coli Isolates is Associated with Attachment to 
Quartz 
Project II: Addressing fatty acids toxicity and production in Biocatalysts 
1.1.1 Introduction for Project I: Antibiotic Resistance in Agricultural E. coli Isolates is 
Associated with Attachment to Quartz 
Since the first successful use of penicillin in human health, antibiotics have become a 
necessary tool in the treatment of public health. However, as the overuse and misuse of 
antibiotics in past years, antibiotic resistance has become a worldwide problem in human and 
veterinary medicine. 
In agriculture, antibiotics are used therapeutically to control bacterial infections or non-
therapeutically as feed additives for growth promotion. About 10 million pounds of antibiotics 
are used annually for non-therapeutic purpose (Ghosh and LaPara 2007a, Sapkota et al. 2007a). 
57% of feeds contain three to four times above the recommend level and about 90% of 
administrative antibiotics are excreted along with urine and feces (Derrien et al. 2006b, Onan and 
LaPara 2003b), leading to high level resistant bacteria and resistant genes in animal waste 
(Haack and Andrews 2000, Parveen et al. 2006, Chee-Sanford et al. 2001). Additionally, the 
contamination of surface water by resistant bacteria from livestock operations is getting more 
concerns. Resistant bacteria have been detected in surface water and ground water near swine 
farms. Compared with groundwater collected at reference sites, higher percentages of antibiotic 
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resistant E. coli were reported in groundwater collected in the vicinity of swine facilities 
(Anderson and Sobsey 2006). Besides, E .coli isolates collected from surface water near swine 
farms was tested to 12 antibiotics, 80.6% of isolates was resistant to at least one antibiotic (Sayah 
et al. 2005).  A concern about the widespread of antibiotic resistant bacteria from agriculture is 
that resistant genes may be transferred into pathogenic bacteria by horizontal gene transfer and 
bring risks to human health. To prevent the spread of resistant bacteria, understanding how these 
organisms behave and spread in the environment is very important. 
Manure from agricultural facilities is a major source of bacteria leading to impaired water 
quality. When manure is applied as fertilizers, bacteria from animal wastes will move from 
manure to the land following application. During rainfall or irrigation, the bacteria from manure 
can be transported into the water mediated by soil and organic particles or in free status 
(Pachepsky et al. 2008b). Attaching to sediments is preferable for the transportation of manure-
borne bacteria through environment (Soupir, Mostaghimi and Dillaha 2010a). The sediments like 
soil particles can provide nutrients and protection from UV radiation, heavy metal toxicity and 
bacteriophage attack, so the bacterial can survive longer in sediments bed (Davies et al. 1995a). 
Previous studies showed that concentrations of bacteria in stream sediments are 10 to 10,000 
times higher than that in the overlying water (Bai and Lung 2005b). Therefore, understanding 
the attachment properties of these manure-borne bacteria will provide insight into the 
mechanisms of environmental transport and the resulting risk to public health.  However, despite 
the importance of bacteria-sediments attachment, little work has been done to clarify the 
mechanisms of attachment to particles.  
Bacteria encode various types of surface protein, such as pili, fimbriae, to mediate 
attachment to other bacteria or surfaces. Some attachment factors, such as P pili and Type IV pili 
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of uropathogenic E.coli, were reported to associate with pathogenesis (Bahrani-Mougeot et al. 
2002, Mulvey et al. 2000). Studies on clinical isolates showed the correlation between antibiotic 
resistance and attachment-mediating genes or attachment phenotype. Liverelli’s study showed 
that antibiotic-resistant bacteria have increased adherence to human intestinal cells relative to 
antibiotic-sensitive strains (Livrelli et al. 1996a). In the colonization dynamics of ampicillin-
resistant E.coli from the human gut, more than 50% of the ampicillin-resistant strains carried the 
genes for P pili, while only 25% of ampicillin-sensitive strains tested positive. The ampicillin 
resistance mediating genes was positively correlated with the genes for P pili (Karami et al. 
2008b). Additionally, isolates from pediatric urinary tract infection was reported that the strains 
with the P pili genes were more resistant to ampicillin than those without P pili (Arisoy et al. 
2008b). Moreover, the attachment factor genes encoding Afimbrial adhesion, S fimbriae and P 
pili has been associated with tobramycin resistance in the isolates from uropathogenic E. 
coli.(Arisoy et al. 2008b) 
However, the relationship between antibiotic resistance and attachment to soil particles in 
agriculture isolates is not investigated. E.coli is a typically pathogen indicator preferred in 
freshwater system and be thought to have a higher degree of association with outbreaks of 
gastrointestional illness (Soupir et al. 2010a). In current project, we isolated the E.coli strains 
from swine farms with and without administration of antibiotics, identified phenotype for 
antibiotic resistance and attachment to soil particles, and screened genotype for attachment 
factors. The relationship between antibiotic resistance, attachment to soil particles and 
attachment factors will be assessed. 
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1.1.2 Introduction for project II: Addressing fatty acids toxicity and production in 
Biocatalysts 
The petroleum energy has been applied in human life for many years. However, as the 
increasing demand for sustainable energy and more concerns about environmental pollutions like 
greenhouse gas emissions, developing an alternate to replace petroleum-based energy is raising 
more concerns. Biofuels and chemicals derived from fermentation of renewable carbon source 
by biocatalysts fermentation is becoming a major way to develop a sustainable energy (Abbott et 
al. 2009, Sauer et al. 2008). Carboxylic acids recently gain more attentions due to its potentials 
as fuel and chemicals, such as succinic, fumaric and malic acid which could replace maleic 
anhydride that usually derived from petroleum (Sauer et al. 2008). With functional groups, 
carboxylic acids are platform molecules that can be converted into commercial products by 
enzymatic or chemical catalysts (Abbott et al. 2009). For example, free fatty acids can be 
hydrogenated to form fatty alcohols (Voeste and Buchold 1984); short-chained fatty acids could 
be catalytically deoxygenated via Pd or Rh catalysts to produce -olefins, which serve as 
building blocks of important polymerization products (Alonso, Bond and Dumesic 2010, Shanks 
2010). Carboxylic acid is one of the building blocks produced by biocatalysts process. Most of 
them are natural products or intermediate during metabolic pathway (Sauer et al. 2008). Recently, 
Existence of plant thioesterases that can specifically hydrolyze acyl-ACP substrates of a 
particular chain length creates the opportunity to produce novel carboxylic acids through 
biocatalysts fermentation (Jing et al. 2011).  
As the development of high-throughout biotechnologies like genome sequencing and 
omics analysis, the extensive knowledge of genetics and physiology of S. cerevisiae and E.coli 
and easy genetic manipulation make them more attractive for producing carboxylic acids (Abbott 
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et al. 2009). E .coli can produces fatty acid metabolites at the commercial productivity of 0.2g L
-
1
h
-1
 per gram of cell mass(Rude and Schirmer 2009); S. cerevisiae can grow under low pH 
conditions and minimal medium, which is suitable for carboxylic acid production (Abbott et al. 
2009). Both organisms have been engineered successfully to produce several organic acids such 
as succinate, maltate and lactate. 
In order to compete with petroleum-based fuels, the products produced by biocatalyst 
fermentation need to be a high titer, yield and productivity (Abbott et al. 2009, Jarboe LR 2010). 
Metabolic engineering like rational engineering, omics analysis and directed evolution is a useful 
and effective tool to engineer a robust strain for carboxylic acid production (Jarboe LR 2010). 
Increasing the expression of key enzymes in the desired metabolic pathway, as well as deletion 
of competing pathways, is often necessary to improve target production; furthermore, omics 
analysis can provide the global information from disturbed metabolism and find the potential 
target genes for problem solving (Hirasawa T 2010, Han and Lee 2006b). Additionally, directed 
metabolic evolution, which serves to select for beneficial mutations by continuously culturing 
the cells under selective pressure tolerance, is also a useful tool to get the desired strain (Wright 
et al. 2011, Zhang et al. 2009a, Zhang et al. 2009b). 
Product toxicity is a pervasive problem in the metabolic engineering of microbial 
biocatalysts for economically viable production of biorenewable fuels and chemicals. The 
growth and metabolism of the biocatalyst can be inhibited at high product concentrations, 
limiting the amount of product formed. (Jarboe LR 2011, Nicolaou, Gaida and Papoutsakis 2010). 
Carboxylic acids have been reported to be toxic to microbes, possibly due to membrane 
disruption and perturbed metabolic pathway by cytosol acidification. These lipophilic weak acids 
can cross the plasma membrane by passive diffusion and dissociate their liposoluble form in the 
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neutral cytosol, leading to a decrease of the intracellular pH and accumulation of toxic anion 
(Alexandre 1996, Cabral 2001, Legras 2010). Additionally, these highly liposoluble carboxylic 
acids can possibly perturb the organization of the plasma membrane, affecting its function as a 
matrix of enzymes and a selective barrier (Viegas 1998, Legras 2010). 
In current project, we want to address the toxic mechanism and production of fatty acids in 
biocatalysts. A series of tools like omics analysis and rational engineering will be applied and 
discussed.  
1.2 Thesis Organization 
The thesis is organized by seven chapters as following: 
Chapter 2 is modified from a paper published in Applied and Environmental Biotechnology. 
It focused on the association between antibiotic resistance and attachment to quartz in agriculture 
E .coli isolates. Chapter 3 is a literature review about metabolic engineering for carboxylic acid 
production in S. cerevisiae and E.coli. Chapter 4 focused on engineering S. cerevisiae to tolerate 
octanoic acid. Chapter 5 discussed the damaging effects of short chain fatty acids on E.coli 
membrane. Chapter 6 focused on Transcriptome analysis to construct second-generation E.coli 
strain for overproduction of fatty acids. Chapter 7 is a summary of chapter 3-6. 
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Abstract 
 
Surface water can be contaminated by bacteria from various sources, including manure 
from agricultural facilities. Attachment of these bacteria to soil and organic particles contributes 
to their transport through the environment, though the mechanism of attachment is unknown.  As 
bacterial attachment to human tissues is known to be correlated with antibiotic resistance, we 
have investigated here the relationship between bacterial attachment to environmental particles 
and antibiotic resistance in agricultural isolates. We evaluated 203 E. coli isolates collected from 
swine facilities for attachment to quartz, resistance to 13 antibiotics, and the presence of genes 
encoding 13 attachment factors. The genes encoding Type I, EcpA, P pili and Ag43 were 
detected, though none were significantly related to attachment.  Quartz attachment was positively 
and significantly (P<0.0038) related with combined resistance to (amoxicillin / streptomycin / 
tetracycline / sulfamethazine / tylosin / chlortetracycline) and negatively and significantly 
(P<0.0038) related with combined resistance to (naladixic acid / kanamycin / neomycin). These 
results provide clear evidence for a link between antibiotic resistance and attachment to quartz in 
agricultural isolates. We propose that this may be due to encoding of the responsible genes on a 
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mobile genetic element. Further exploration of the relationship between antibiotic resistance and 
attachment to environmental particles will improve understanding and modeling of 
environmental transport processes, with the goal of preventing human exposure to antibiotic-
resistant or virulent microorganisms. 
2.1 Introduction 
During rainfall or irrigation, manure-borne bacteria can be transported to surface waters 
via soil and organic particles (Pachepsky et al. 2008a). The transport of these bacteria in surface 
water impacts their ultimate location and survival in the environment (Burton, Gunnison and 
Lanza 1987, Davies et al. 1995b) and thus the likelihood of exposure to humans (Fries, 
Characklis and Noble 2008). Previous studies have found that the fraction of E. coli attached to 
eroded particles suspended in saturation excess flow ranges from >1% to 49% (Soupir, 
Mostaghimi and Dillaha 2010b, Muirhead, Collins and Bremer 2005, Soupir and Mostaghimi in 
press), while the attached fraction in streams has been reported between 20% and 55% 
(Characklis et al. 2005, Krometis et al. 2007).  Concentrations of bacteria in stream sediments 
can be 10 to 10,000 times higher than the concentration in the overlying waters (Bai and Lung 
2005a), highlighting the importance of understanding interactions between bacteria and sediment 
particles, so that the risk to public health can be properly evaluated (Droppo et al. 2009, G. M. 
Luna 2010).  
      Despite the importance of bacteria-sediment interactions, limited understanding exists of the 
bacterial properties that govern attachment and the resulting particulate-mediated environmental 
transport.  Researchers who have attempted to understand bacterial attachment to quartz, a model 
environmental particle, have obtained mixed results, possibly due to the limited sample size used 
in these studies.  Bolster et. al. measured the physical properties of 12 E. coli isolates and found a 
significant relation between attachment and cell width and sphericity (Bolster, Haznedaroglu and 
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Walker 2009). Contrastingly, Foppen et al’s study of 54 E. coli isolates found no relation 
between attachment and cell sphericity, motility, zeta potential, aggregation or 
lipopolysaccharide composition (Foppen et al. 2010).  Bacteria encode various types of pili, 
fimbriae, and other surface proteins that mediate attachment to other bacteria, host tissues or 
other surfaces (Garcia and LeBouguenec 1996).  An attempt to attribute quartz attachment to 
these surface features, instead of a cell’s chemical or physical properties, found a significant 
relation with the expression of the Ag43 attachment factor or flagella, but the study only 
considered 6 isolates (Lutterodt et al. 2009).  However, a separate study of 20 E. coli isolates that 
investigated 22 attachment and motility factors, including Ag43, Type I pili and Afimbrial 
adhesion (Afa), concluded that there was no statistically significant link to any of the queried 
properties (Foppen et al. 2010).  Thus, the underlying genetic basis for bacterial attachment to 
quartz, and other environmental particles, remains unidentified.   
      The U.S. agricultural industry uses more than 10 million pounds of antibiotics each year 
(Sapkota et al. 2007b, Ghosh and LaPara 2007b) for growth promotion, disease prevention, and 
disease eradication purposes. The United States National Swine Survey found that 57% of feeds 
contain antibiotic levels three to four times above recommended levels (Dewey et al. 1997) and 
others have reported that up to 90% of some administered antibiotics pass through the animal’s 
digestive systems and are excreted (Onan and LaPara 2003a).  Comparison of surface and 
ground water samples collected up- or down-gradient of swine farms showed that E. coli from 
the down-gradient samples had increased resistance to certain antibiotics (Sapkota et al. 2007b). 
Therefore, it is not surprising that swine manure is a reservoir for transferable antibiotic 
resistance genes (Binh et al. 2008).  E. coli isolates from wild small mammals collected on swine 
farms, have increased antimicrobial resistance relative to small mammals from other 
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environments, providing another potential mechanism for dispersal of these bacteria (Allen et al. 
2011). 
      Intriguingly, certain attachment factors associated with attachment to human tissues have 
been associated with antibiotic resistance in clinical isolates.  For example, Liverell’s study 
showed that antibiotic-resistant bacteria have increased adherence to human intestinal cells 
relative to antibiotic-sensitive strains (Livrelli et al. 1996b).  Ampicillin resistance has been 
specifically associated with P pili and the Dr-type attachment factors (Kachroo 2001, Arisoy et al. 
2008a, Karami et al. 2008a) and tobramycin resistance has been associated with Afimbrial 
adhesion, S fimbriae and P pili (Arisoy et al. 2008a).  This relationship is not surprising, when 
one considers that mobile genetic elements encoding both attachment and resistance-associated 
genes have been found in E. coli (Pukall, Tschape and Smalla 1996, Lopes et al. 2005).  
However, to the best of our knowledge, this association between resistance and attachment has 
been noted only in clinical isolates.   
      Manure from agricultural facilities is a major source of bacteria leading to impaired water 
quality. Therefore, understanding the attachment properties of these manure-borne bacteria will 
provide insight into the mechanisms of environmental transport and the resulting risk to public 
health.  The goal of this study is to assess the relationship between attachment and antibiotic 
resistance in agricultural E. coli isolates. To achieve this goal, we evaluated the association 
between quartz attachment and resistance to 13 antibiotics in 203 isolates collected from swine 
facilities.  Additionally, we queried these strains for the presence of genes encoding 13 different 
attachment factors and then related the presence of these genes with attachment to quartz and 
antibiotic resistance.    
14 
 
 
2.2 Materials and Methods 
2.2.1 Isolate Collection and Enumeration 
 
    Swine waste samples were collected from five swine facilities in Iowa between November 
2008 and April 2009. The farms were selected to encompass a range of management practices: 
two facilities did not use antibiotics at all, while three facilities administered antibiotics at sub-
therapeutic levels.   Freshly excreted manure samples were collected from three locations while 
samples from the remaining two locations were collected from a deep pit and lagoon.  
   Samples were collected in two sterile one-liter containers, stored on ice for transport to the 
laboratory, and processed within 12 hours of collection. Manure samples were homogenized by 
mixing 1 g manure with 9-ml of phosphate buffered water (Hach Co., Loveland, CO) for ten 
minutes.  E. coli was isolated and enumerated by membrane filtration, EPA Method 1603 
(USEPA 2002), on modified mTEC agar (USEPA 2000). Approximately 100 typical and 
atypical E. coli colonies were selected from each location and preserved in 25% glycerol frozen 
stocks at -80°C for further analysis.   
2.2.2 Antibiotic Resistance Assays 
 
   Antibiotic susceptibility was determined by the agar dilution procedures technique (CLSI 2010).  
Standard powders of the following antimicrobial agents were obtained from Sigma Aldrich (St. 
Louis, MO): amoxicillin (AMX), ampicillin (AMP), chloramphenicol (CMP), chlortetracycline 
(CTC), erythromycin (ERY), gentamicin (GEN), kanamycin (KAN), naladixic acid (NAL), 
neomycin (NEO), streptomycin (STP), sulfamethazine (SMZ), tetracycline (TET), and tylosin 
(TYL). Antibiotics for susceptibility testing were selected based on their utilization in human 
medicine, veterinary medicine, or both (NARMS 2005, USDA-APHIS 2007). One or more 
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representative from the following classes of antimicrobials were selected: penicillins (AMP and 
AMX), aminoglycosides (GEN, NEO, STP and KAN), macrolides (ERY and TYL), quinolones 
(NAL), sulfonamides (SMZ), tetracyclines (CTC and TET) and other (CMP). CMP is not a 
macrolide but it functions similarly by affecting the 50S ribosomal subunit (Sutcliffe 2005). 
While the selected antibiotics are important in treating bacterial infections, not all target gram- 
negative bacteria (i.e. TYL, CMP, and ERY).  
   Antibiotic-infused Mueller Hinton Agar was mixed following the guidelines proposed by 
Clinical and Laboratory Standards Institute (CLSI 2010)  for all antimicrobial agents except 
tylosin, which was dissolved in methanol and diluted in distilled water as previously described 
(Kaukas, Hinton and Linton 1988). The E. coli isolates were tested for resistance using the 
minimum inhibitory concentrations (MICs) presented in Table 2.1. All antibiotics tested fell 
within MIC quality control ranges that were established by the CLSI for E. coli ATCC 29522.  
The E. coli lab strains MG1655, BW25113, ATCC 8677, ATCC 9637, and ATCC 25922 were 
used as negative controls. 
   Isolates were grown overnight in 10-ml of Mueller Hinton broth in 15-ml conical tubes at 37°C 
in a reciprocating shaker water bath (Thermo Scientific, Waltham, MA). Strains were diluted to a 
0.5 McFarland standard prior to inoculation of the antibiotic dilution plates. One µl of each strain 
was aseptically transferred to plates containing one of each of the 13 antimicrobial agents at the 
MIC level. All strains were tested in triplicate and plated on Mueller Hinton Agar and Mueller 
Hinton Agar II, as controls. Plates were allowed to dry prior to closing and inverting for 
incubation at 37°C for 16-22 hours. Following incubation, each strain was recorded as present or 
absent.   
2.2.3 E. coli Attachment to Quartz 
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   Quartz or silica sand particles passing through American Society for Testing and Materials 
(ASTM) sieve number 120 but remaining on sieve number 230 were selected for the attachment 
assay (Pachepsky et al. 2008a). The very fine sand (63-125 µm) was washed in distilled water 
and dried for 1 hour in an oven at 105°C. Using the mass of quartz in 1-ml, 1.405 g cm
-3
, an 
assumed density of 2.6 g cm
-3
, an average radius of 63-µm, and a volume of 1.035 x 10
-6
 cm
3
 the 
total number of particles of quartz were calculated. Assuming the particles are spherical in shape, 
the surface area of one particle was determined to be 4.95 x 10
-2
 mm
2
 (2.5 x 10
10
 µm
2
ml
-1
), a 
mass of 0.4-g (which corresponds to a total surface area of 12,500-mm
2
) of quartz provided 
sufficient surface area for all E. coli to attach.  
    Each strain was transferred into sterile 15-ml conical tubes containing Mueller Hinton broth 
(MHB; DifcoTM, Detroit, MI) for growth at 37°C in a reciprocal shaking water bath (Thermo 
Scientific, Waltham, MA) for 12-hours. Samples were removed and centrifuged for five minutes 
at 2500rpm in a refrigerated centrifuge (Eppendorf® (Hauppauge, NY) model 5702 R) at 4°C. 
The supernatant was discarded and 10-ml of phosphate buffered water was added to each pellet. 
The pellet was re-suspended by vortexing.  The resuspended cells were diluted to a 0.5 
McFarland standard (approximately 1.0 x 10
8
 cfu ml
-1
) according to the Clinical Laboratory 
Standard Institute (January 2006) using phosphate buffered water. The actual initial E. coli 
concentration was determined by EPA Method 1603, consisting of CFU enumeration. Forty 
milliliters of the diluted bacteria cultures were aseptically added to the 50-ml conical tubes 
containing quartz, vortexed, and placed horizontally on an orbital shaker for 20 minutes at 80 
rpm. After shaking, the conical tubes were placed vertically in racks and the quartz particles 
were allowed to settle via gravity for five minutes, sufficient time for all particles to settle as 
determined by Stoke’s equation. After settling, 1 ml of supernatant was removed and serially 
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diluted to 1 x 10
6
 in 9 ml of phosphate buffered water. The total E. coli concentration in the 
supernatant was enumerated using EPA Method 1603 and recorded as the unattached fraction. 
The percent attached E. coli was computed as the total CFU minus the unattached CFU divided 
by the total CFU. For quality control assessment, 15 strains were analyzed in duplicate.  The 
average percentage error in these duplicate attachment measurements was 7.68 + 0.07.   
 The effect of mannose was investigated by performing the attachment assay with or 
without 0.2% (w/v) D-mannose in the phosphate-buffered water (Old and Duguid 1970). 
2.2.4 Assessment for Attachment Factor and Virulence Genes 
 
    203 strains that exhibited positive attachment and for which a complete set of resistance data 
was generated were selected for PCR analysis.   Genomic DNA was isolated from cells grown in 
liquid Luria Broth media at 37°C overnight and pelleted by centrifugation. Genomic DNA 
extraction was performed using the DNeasy Tissue Kit according to the manufacturer’s 
instructions (Qiagen, Valencia, CA). The concentration was determined using the Qubit nucleic 
acid assay system (Invitrogen, Carlsbad, CA). All genomic DNA stocks were stored at -20°C and 
diluted to 0.1µg ml
-1
 for PCR analysis.  For colony PCR, cells were obtained directly from 
frozen glycerol stocks, transferred to 100µl of sterile nanopure water and boiled at 95°C for 10 
minutes. 
    All primers have been previously used in genotyping studies and are listed in Table 2.2, except 
for the Ag43-specific primers, which were designed by our lab based on the MG1655 sequence.  
Primer sequences for virulence factors were obtained from the following sources: hemolysin A 
(Arisoy et al. 2008a), shiga toxin I (Gueler, Guenduez and Ok 2008), shiga toxin II (Gueler et al. 
2008), cytotoxic necrotizing factor I (Arisoy et al. 2008a), aerobactin (Arisoy et al. 2008a), 
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surface antigens 1, 2, 3,4, 5, 6, 14 and 17 (Ghosal et al. 2007), enterotoxin A (Gueler et al. 2008), 
but are not listed as none of these virulence factors were detected in our isolate collection.   
   All strains were confirmed as E. coli using wecA-specific primers (Arisoy et al. 2008a).  
Optimal annealing temperatures were identified using gradient PCR for each gene using genomic 
DNA from a positive control. 20 µl reactions were performed in 96-well plates with the 
following components: 0.5µl bacterial DNA or boiled cells, 10 µl 2x Taq PCR Master Mix 
(Qiangen, Valencia, CA), 0.2 µl each primer and 9.1 µl RNase-free water. Amplification was 
conducted in a BioRad iCycler Thermocycler (BioRad, Hercules, CA) under the following 
conditions: initial denaturation at 94°C for 3 minutes, followed by 30 cycles of denaturation at 
94°C for 1 minute, annealing at 52°C for 30 seconds and extension at 72°C for 3 minutes, and a 
final extension at 72°C for 7 minutes. For gradient PCR, annealing temperatures were set from 
45°C to 63°C.  Positive controls were utilized for P pili, Type I pili, S fimbriae, F1C fimbriae 
and Dr hemagglutinin genes.  These templates were obtained as follows: MG1655 and CFT073 
from American Type Culture Collection (ATCC), pPAP5 (Arisoy et al. 2008a) was obtained 
from Scott Hultgren (Washington University, St Louis), SM298 was obtained from Steve 
Moseley (University of Washington).  We did not have a positive control for EcpA, but the 
identity of the PCR product was confirmed by DNA sequencing. 
     PCR product was analyzed on 1% TAE agarose with SYBR Safe DNA gel stain (Invitrogen, 
Carlsbad, CA) using 8ul PCR product and 1kb Plus DNA ladder as a standard (Invitrogen, 
Carlsbad, CA). Gels were documented using a Fotodyne Minivisionary photo system. 
2.2.5 Statistical Analysis 
 
Statistical analyses were performed using the Statistical Analysis JMP 8 Software (SAS Institute, 
2008).  All data were confirmed as normally distributed using statistic index.   A t-test was 
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conducted to analyze the difference between E. coli resistance and sensitivity as a function of 
median percent attachment.   Fisher’s exact test (Dawson-Saunders and G.Trapp 1990) was used 
to analyze the difference between E. coli resistance and sensitivity as a function of the presence 
of Type 1, EcpA, Ag43, or P pili attachment factors. For the association between quartz 
attachment and attachment factors as well as the association between antibiotic resistance and 
attachment factors, 13 comparisons were conducted separately.  According to the multiplicity of 
determinations (Bonferroni correction), the adjusted P-value was set at 0.0038 (0.05 divided by 
13 comparisons).  
2.3 Results 
2.3.1 Prevalence of Antibiotic Resistance 
 
       In order to characterize our isolate collection, we assessed our strains for their sensitivity to 
13 antimicrobial agents. These agents were grouped according to their importance to humans, as 
determined by the World Health Organization: critically important (GEN, AMP, ERY, AMX, 
NAL, STP), highly important (TET, SMZ, KAN, CMP) and others (TYL, CTC, NEO) (NARMS 
2005).   
      Antibiotic resistance was observed in the following increasing order (Figure 2.1):  NAL 
(16.75%), GEN (17.17%), CMP (19.21%), AMX (24.63%), NEO (26.6%), AMP (30.54%), 
KAN (39.61%), STP (53.14%), CTC (60.89%), SMZ (66.29%), TET (79.31%), ERY (82.76%) 
and TYL (89.6%). According to the classes of antibiotics, isolates showed a higher level of 
resistance to macrolides (ERY and TYL), which is to be expected since macrolides do not target 
gram negative cells, and the lowest resistance to aminoglycosides (GEN, NEO, STP and KAN).  
In the 203 isolates, there was one isolate resistant to all antibiotics and only two isolates were 
sensitive to all agents (data not shown). 
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2.3.2 Antibiotic Resistance is Associated with Quartz Attachment 
 
      Other researchers have previously noted a relation between attachment to human tissues and 
antibiotic resistance (Livrelli et al. 1996b).  We aim to determine if there is also a relationship 
between attachment to environmental particles, such as quartz, and antibiotic resistance.  
Therefore, we grouped the population according to antibiotic sensitivity and compared the 
median quartz attachment of the sensitive group to the resistant group (Figure 2.2).   
      Six of the antibiotic-resistant groups showed a possibly significant increase in quartz 
attachment relative to the corresponding antibiotic-sensitive group (Figure 2.2A): AMX (37.9% 
vs 24.5%, P=0.098), STP (35.1% vs 18.6%, P=0.005), TET (30.3% vs 18.3%, P=0.03), SMZ 
(29.9% vs 21.9%, P=0.054), TYL (30.3% vs 15.5%, P=0.017) and CTC (41.0% vs 17.7%, P= 
3.59E-06). When applying the most stringent significance criteria, a P-value cut-off of 0.05 
adjusted for multiplicity of determinations to 0.0038, only CTC showed a significant increase in 
quartz attachment between antibiotic-resistant and antibiotic-sensitive groups. In contrast to the 
trend observed with CTC, the attachment for the strains resistant to KAN (P=1.0E-06), NEO 
(P=1.2E-04) or NAL (P=0.053) was lower than for sensitive strains (Figure 2.2A). KAN and 
NEO met the adjusted significance criteria. 
    We used the single-antibiotic results to select combinations of antibiotics for further analysis. 
Since AMX, STP, TET, SMZ, TYL and CTC each met the possible significant cut-off of 0.1, we 
analyzed strains that were resistant to these six antibiotics. As a control, eight other randomly-
selected combinations of 6 antibiotics were also considered. Figure 2.2B shows the resistant 
pattern of antibiotic combinations in the isolates showing a possibly significant increase in quartz 
attachment relative to antibiotic-sensitive group or to antibiotic-resistant group in Figure 2.2A, 
and six antibiotic combinations selected randomly. The combination of above six antibiotics 
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(AMX/STP/TET/SMZ/TYL/CTC) showed significant increase of quartz attachment in 
antibiotic-resistant groups (P= 0.000567, Figure 2.2B). We similarly analyzed the 3 antibiotics 
that had a negative association with attachment (NAL, KAN and NEO). The combination of 
NAL/KAN/NEO decreased quartz attachment in antibiotic-resistant groups significantly 
(P=0.0012, Figure 2.2B). 
2.3.3 Attachment Can not be Attributed to Known Attachment Factors 
 
     We screened 203 isolates from five facilities for the genes encoding 13 attachment factors: P 
pili, Type I pili, S fimbriae, Colonization Factor Antigens I and III, F1C fimbriae, Dr 
hemagglutinin, Afimbrial adhesion I, E. coli common pilus (EcpA), F41 pili, K99 pili, F17 pili 
and Ag43. Genes associated with only four of these attachment factors were detected in our 
isolate pool: EcpA, Type I pili, Ag43, and P pili (Table 2.3). A total of 150 strains (73.9%) 
encoded EcpA, 122 strains (60.1%) encoded Type I, 28 strains encoded Ag43 (13.8%) and only 
4 (1.97%) encoded P pili.  An additional 247 strains were queried for the P pili-encoding gene 
using colony PCR, but no additional strains were identified.  Additionally, we screened our 
isolate collection for key virulence-associated genes, but none of these virulence factors were 
detected (data not shown).     
      For these 203 strains, quartz attachment ranged from 0.84% to 99.87%, with a median value 
of 28.6%.  Note that the attachment assay has a measurement error of 7.7%, determined by 
repeated analysis of 15 strains.  In an attempt to attribute quartz attachment to the presence of 
one or more of these attachment-associated genes, strains were grouped according to their 
genotype (Table 2.3).  For example, 22 strains encode no known attachment factors, 122 strains 
encode Type I pili and 4 strains encode P pili.  Strains were also grouped according to the 
presence of other attachment factors.  For example, of the 122 strains encoding Type I pili, 23 
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only encode Type I pili, 77 also encode EcpA but not P pili or Ag43, and none encodes all four 
attachment factors.  The median percent attachment of each of these groups was compared to 
both the general population and to the group with no known attachment factors.  Note that 
because the Type I/P pili-only group and Ag43-only group each contained just one strain, the 
statistical significance was not assessed. While some comparisons met the potentially significant 
cut-off of 0.05, none met the adjusted cut-off.  
 As a secondary test for the importance of the Type I pili, we repeated the attachment 
assay for select strains that do or do not carry genes that encode Type I pili in the presence of D-
mannose, where exogenous D-mannose can inhibit the binding behavior of Type I pili (Old and 
Duguid 1970). For strains that do encode Type I pili, the presence of D-mannose during the 
attachment assay decreased the median attachment by 1.8(+0.1) fold (n=4) but did not eliminate 
attachment. For strains not encoding Type I pili, quartz attachment was not mannose sensitive: 
the median attachment value increased by 1(+1) fold (n=4) in the presence of mannose.  
     Thus, we conclude that quartz attachment cannot be attributed to any of these four attachment 
factors, though Type I pili may play a contributing role.  
 
2.3.4 Antibiotic Resistance is Associated with Genes Encoding Attachment Factors 
 
     The results in Figure 2.2 indicate a clear relationship between attachment and antibiotic 
resistance. While we cannot attribute attachment to any of the queried attachment factors, we 
looked for a relationship between antibiotic resistance and the genes encoding attachment 
factors. Specifically, we compared the percentage of antibiotic-resistant strains encoding the 
focal attachment factor to the percentage of antibiotic-sensitive strains encoding the focal 
attachment factor.  For example, the Type I attachment factor is encoded by 78.8% of the NAL-
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resistant strains, but only 57.3% of the NAL-sensitive strains. Meaning, NAL-resistant isolates 
more frequently encode Type I pili than NAL-sensitive isolates. Figure 2.3 shows those 
antibiotics for which a significant difference between the resistant and sensitive populations was 
detected in regards to Type I, EcpA and Ag43. Strains were treated similarly whether they 
contained a given attachment factor only or in combination with other attachment factors. 
      The Type I attachment factor shows the most significant associations. Specifically, the 
isolates resistant to KAN (P=0.002), NEO (P=0.001), NAL (P=0.015) or the combination of 
these three antibiotics (P=0.018) encoded Type I gene more often than the corresponding 
sensitive isolates (Figure 2.3). When the P value is adjusted to 0.0038 to account for multiplicity, 
the association with NAL and the combination group do not meet significance criteria, but the 
associations with KAN and NEO do. There was no relationship between resistance to other 
antibiotics and the presence of genes encoding the Type I attachment factor (data not shown).  
Contrastingly, strains that were sensitive to ERY were more likely to encode EcpA (P=0.034) 
(Figure 2.3). Strains encoding Ag43 showed higher resistance to NEO (P =0.008). Finally, 
strains with P pili showed a broad increase in resistance to all the antibiotics (except NAL) and 
the combination (AMX/STP/TET/SMZ/TYL/CTC). However, given the small size of the P-pili 
encoding population (4 strains), it was difficult to satisfy the significance criteria (data not 
shown). 
     Thus, our analysis shows that there is a relation between resistance to certain antibiotics and 
the presence of genes encoding certain attachment factors. 
2.4 Discussion 
 
      Here we have queried the relationship between three properties in a set of agricultural E. coli 
isolates: attachment to quartz particles, antibiotic resistance, and the presence of genes known to 
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encode for attachment factors.  This work was motivated by the fact that antibiotic resistance and 
attachment factors can be encoded together on mobile genetic elements (Johnson et al. 2005), 
leading to the proposition of a significant relationship between the attachment phenotype and 
antibiotic resistance.  This relationship has previously been observed in clinical isolates 
(Kachroo 2001, Arisoy et al. 2008a, Karami et al. 2008a); the work presented here is the first 
investigation in agricultural isolates.  We found that resistance to 6 of the 13 tested antibiotics is 
significantly and positively associated with quartz attachment (Figure 2.2A) as well as their 
combinations (p=0.00057, Figure 2.2B). These six antibiotics are AMX, STP, TET, SMZ, TYL 
and CTC.  Three other antibiotics (NAL, KAN and NEO), and their combination, are also 
significantly associated with quartz attachment, though the fact that attachment is negatively 
associated with resistance is not expected (Figure 2.2A and 2.2B). 
     Our underlying hypothesis is that genes encoding antibiotic resistance and attachment are 
linked on mobile genetic elements, and the combination of six antibiotics 
(AMX/STP/TET/SMZ/TYL/CTC) showed significant increase of quartz attachment in 
antibiotic-resistant groups (Figure 2.2B), which supports this proposed linkage. To assess the 
validity of this hypothesis, we related the presence of known attachment-encoding genes to the 
observed antibiotic resistance. Of the attachment factors detected in our isolate collection, Type 
I, Ag43 and P pili showed significant relation with resistance to at least one antibiotic (Figure 
2.3).  The relation of P pili with AMP resistance in our collection is consistent with previous 
results with clinical isolates (Arisoy et al. 2008a) (data not shown).  Note that the lack of 
statistically significant relation with P pili may be due to the fact that very few strains in our 
collection encode P pili.  It should be clarified that nearly all of the attachment factors queried in 
this study are known for their ability to mediate attachment to mammalian tissues.  While some 
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of the carbohydrates known to mediate binding of these attachment factors have been detected in 
soil samples (Fischer et al. 2007, Derrien et al. 2006a), it seems unlikely that these tissue-specific 
attachment factors mediate attachment to soil particles and even more unlikely that they mediate 
attachment to quartz.  Instead, we propose that the attachment factors responsible for mediating 
attachment to quartz or other environmental particles, though possibly associated with Type I 
pili, remain unidentified. 
     While previous studies have related quartz attachment with the expression of Ag43 
attachment factor, other studies were unable to replicate this relationship (Foppen et al. 2010) 
and Ag43 was not related with attachment in our study. There are two possible explanations for 
this discrepancy.  First is the difference in sample size between these two studies: Lutterodt et 
al’s analysis utilized less than 10 strains (Lutterodt et al. 2009), while our comparison includes 
more than 200.  A second explanation is that neither Ag43 nor Type I pili are directly responsible 
for quartz attachment, but instead this is an indirect effect, possibly due to regulatory cross-talk 
between attachment factors.  The model attachment factor systems, particularly P pili and Type I, 
as well as the flagellation system, are known to engage in regulatory cross-talk (Xia et al. 2000, 
Holden et al. 2006, Simms and Mobley 2008).  We propose that the as-yet unidentified 
attachment factor(s) responsible for quartz attachment could be subject to regulation by other 
attachment systems, possibly explaining our observed negative relationship of quartz attachment 
with certain antibiotics. 
 We did observe that quartz attachment was somewhat mannose sensitive in strains 
encoding Type I pili but not in strains lacking the Type I genes. This suggests that the Type I pili 
may play a contributing role in quartz attachment, though the Type I genes do not meet our 
criteria for significant association with attachment. 
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         The pattern of antibiotic resistance seen in our isolate collection provides an interesting 
comparison for other studies.  For example, Moore et al.’s analysis of bacterial isolates collected 
a total of 12 from rivers and lakes in Northern Ireland showed that 17%, 75% and 75% of 
isolates were resistant to GEN, TET and ERY, respectively (Moore et al. 2010) .  In our isolates, 
the respective resistances were a strikingly similar 17%, 79% and 83%. Contrastingly, our 
isolates showed a higher prevalence of resistance to certain antibiotics than that reported in a 
study of human stool samples by the National Antimicrobial Resistance Monitoring System 
(NARMS) (NARMS 2005).  While the 2005 NARMS report identified 0% of the isolate collection 
as resistant to KAN, 4.2% resistant to AMX, 9.3% resistant to NAL, our isolate collection 
showed resistant populations of 40%, 25%, 17%, respectively.  This difference is even more 
striking considering that our criteria for determining resistance were more stringent than those 
used in the NARMS study. 
      In conclusion, we have shown that there is a relationship between antibiotic resistance and 
attachment to quartz, a model environmental particle.  We were unable to attribute attachment to 
any known attachment factors. Therefore, we propose that quartz attachment is mediated by 
another, as yet unidentified, surface protein or surface feature.  We did find that the presence of 
certain attachment factors is significantly related with resistance to certain antibiotics, providing 
supporting evidence that these features may be encoded on shared mobile genetic elements.  
These results highlight the importance of studying these properties in agriculturally-derived 
bacteria, as transport of these bacteria through ground and surface waters can result in exposure 
of human populations.  While we did not detect known virulence factors in our isolate collection, 
this potential for human exposure would be even more concerning if the strains did contain 
virulence factors.  The identification of the specific surface features responsible for sediment 
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attachment is critical to understanding and modeling environmental transport processes and 
preventing exposure of human populations to virulent, antibiotic-resistant bacteria.  
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Tables and Figures 
Table 2.1. Minimum inhibitory concentrations (MICs) for antimicrobial agents tested against 
E. coli isolates. The MIC90 was used to determine resistance.  
Antimicrobial Agent MIC (µg/ml) 
MIC Range MIC90   
Amoxicillin (AMX)  16-48 48   
Ampicillin (AMP)  16-48 48   
Chloramphenicol (CMP)  16-48 48   
Chlortetracycline (CTC)  16-48 48   
Erythromycin (ERY)  15-30 30   
Gentamycin (GEN)  8-24 24   
Kanamycin (KAN)  32-96 96   
Naladixic Acid (NAL)  16-48 48   
Neomycin (NEO)  8-24 24   
Tetracycline (TET)  8-24 24   
Tylosin (TYL)  16-48 48   
Streptomycin (STP)  12-22.5 22.5   
Sulfamethazine (SMZ)  256-768 768   
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Table 2.2. Primers for assessing the presence of genes encoding known attachment factors.  wecA 
was used to confirm strain identity as E. coli. 
Queried Gene 
Positive 
Control Primers Source 
Product 
Size 
(bp) 
verification of E. 
coli (wecA) 
MG1655 
GGTGTTCGGCAAGCTTTATCTCAG 
GGTTAAATTGGGGCTGCCACCACG 
(Arisoy et 
al. 2008a) 
763 
Attachment Factors    
P pili (pap) 
pPAP5 
plasmid 
GACGGCTGTACTGCAGGGTGTGGCG 
ATATCCTTTCTGCAGGGATGCAATA  
(Arisoy et 
al. 2008a) 
328 
Type I pili (fim) MG1655 
CGACGCATCTTCCTCATTCTTCT 
ATTGGTTCCGTTATTCAGGGTTGTT 
(35) 721 
S fimbriae (sfa) CFT073 
CTCCGGAGAACTGGGTGCATCTTAC 
CGGAGGAGTAATTACAAACCTGGCA 
(Arisoy et 
al. 2008a) 
410 
colonization 
factor antigen I 
(CFA/I) 
n/a 
GCTCTGACCACAATGTTGA 
TTACACCGGATGCAGAATA 
(Ghosh and 
LaPara 
2007b) 
364 
colonization 
factor antigen 
III (CFA/III) 
n/a 
GCCTTCTGGAAGTCATCAT 
TGCCACATACTCCCAGTTA 
(Ghosh and 
LaPara 
2007b) 
437 
F1C fimbriae 
(foc) 
CFT073 
GGTGGAACCGCAGAAAATAC 
GAACTGTTGGGGAAAGAGTG 
(Mitsumori 
et al. 1998) 
388 
Dr 
hemagglutinin 
(Dr) 
SM298 
plasmid 
GCCAACTGACGGACGCAGCAC 
CCCCAGCTCCCGACATCGTTTTT 
(Nowrouzian, 
Adlerberth 
and Wold 
2001) 
229 
afimbrial 
adhesion I (afa) 
n/a 
GCTGGGCAGCAAACTGATAACTCTC 
CATCAAGCTGTTTGTTCGTCCGCCG 
(Arisoy et 
al. 2008a) 
750 
E. coli common 
pilus (EcpA) 
n/a 
TGAAAAAAAAGGTTCTGGCAATAGC 
CGCTGATGATGGAGAAAGTGAA 
(Rendon et 
al. 2007) 
483 
F41 pili (F41) n/a 
GCATCAGCGGCAGTATCT 
GTCCCTAGCTCAGTATTATCACCT 
(Gueler et 
al. 2008) 
380 
K99 pili (K99) n/a 
TATTATCTTAGGTGGTATGG 
GGTATCCTTTAGCAGCAGTATTTC 
(Gueler et 
al. 2008) 
314 
F17 pili (F17) n/a 
CGGAGCTAATACTGCATCAACC 
TGTTGATATTCCGTTAACCGTAC 
(Gueler et 
al. 2008) 
615 
Ag 43(flu) MG1655 
ATGCCTCGAGATGAAACGACATCTG
AATACCTG 
ATGCAAGCTTGTCAATGGCACCGTT
CAGCACAGTG 
this work 1650 
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Table 2.3. Relationship between the presence of genes encoding known attachment factors and 
the observed quartz attachment.   
 
 
Group according to genotype 
 
 
No. 
 
Median 
attachment 
(%) 
a 
P-value relative to 
strains without any 
known attachment 
factors 
 
a
 P-value relative 
to all strains 
all strains  203 28.5 0.304 -- 
no known attachment factors  22 31.2 -- 0.304 
Type I (any)  122 26.4 0.174 0.198 
EcpA (any)  150 25.0 0.181 0.210 
P pili (any)  4 30.8 0.316 0.357 
Ag43 (any)  28 29.3 0.438 0.364 
Type I (only)  23 39.6 0.232 0.049 
EcpA (only)  49 31.1 0.472 0.276 
Ag43 (only)  1 85.1  n.d.
b
 n.d. 
Type I + EcpA (only)  77        22.7 0.054 0.044 
P pili + Type I (only)  1 6.02 n.d. n.d. 
P pili + Type I + EcpA (only)  3 36.0 0.495 0.427 
Type I + Ag43 (only)  6 29.8 0.441 0.316 
EcpA + Ag43 (only)  9 54.8 0.330 0.180 
Type I + EcpA + Ag43 (only)  12 19.9 0.137 0.158 
 
a
P values were determined by t-test.   
b
n.d.- not determined. 
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Figure 2.1. Distribution of sensitivity and resistance to each antibiotic agent.  Antibiotics are 
presented according to their importance ranking by WHO. S=sensitive, R= resistant  
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Figure 2.2. Association of quartz attachment and antibiotic resistance.  P values were determined 
by t-test (*P<0.1, **P<0.0038).   
(A) Antibiotics are sorted according to importance ranking, as described in Figure 2.1. 
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(B) Antibiotic combinations are sorted as the group showing possibly significant increase in 
quartz attachment relative to antibiotic-sensitive group (1) or to antibiotic- resistant group 
(10) in Figure 2.2A, and six antibiotic combinations selected randomly (2-9).   
1= AMX/STP/TET/SMZ/TYL/CTC; 2= GEN/AMP/TET/SMZ/KAN/TYL;  
3= ERY/AMX/CTC/NEO/NAL/STP; 4= AMP/SMZ/ERY/CTC/NAL/CMP;  
5= AMX/STP/GEN/AMP/ERY/CMP; 6= AMX/STP/TET/AMP/ERY/CMP;  
7= AMX/STP/TET/SMZ/ERY/CMP; 8= AMX/STP/TET/GEN/ERY/CMP;  
9= AMX/STP/TET/AMP/ERY/GEN; 10= NAL/KAN/NEO.   
 
 
 
 
 
Figure 2.3. Relationship between antibiotic resistance and the presence of genes encoding 
known attachment factors, data shown only possibly for significant relations.  
Significance was determined by Fisher’s Exact Test (*P<0.1, **P<0.0038). 
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CHAPTER 3 METABOLIC ENGINEERING OF BIOCATALYSTS FOR CARBOXYLIC 
ACIDS PRODUCTION 
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 Chemical and Biological Engineering, Iowa State University, Ames, Iowa, 50011 
Interdepartmental Microbiology Program, Iowa State University, Ames, Iowa, 50011 
(Modified from a review paper published in Computational and Structural Biotechnology 
Journal) 
Abstract 
 
Fermentation of renewable feedstocks by microbes to produce sustainably fuels and 
chemicals has the potential to replace petrochemical-based production. For example, carboxylic 
acids produced by microbial fermentation can be used to generate primary building blocks of 
industrial chemicals by either enzymatic or chemical catalysis. In order to achieve the titer, yield 
and productivity values required for economically viable processes, the carboxylic acid-
producing microbes need to be robust and well-performing. Traditional strain development 
methods based on mutagenesis have proven useful in the selection of desirable microbial 
behavior, such as robustness and carboxylic acid production. In the other hand, rationally-based 
metabolic engineering, like genetic manipulation for pathway design, has becoming increasingly 
important to this field and have been used for the production of several organic acids, such as 
succinic acid, malic acid and lactic acid.  This review investigates recent works on 
Saccharomyces cerevisiae and Escherichia coli, as well as the strategies to improve tolerance 
towards these chemicals. 
3.1 Introduction 
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Carboxylic acids can be used as platform chemicals to generate primary building blocks 
of industrial chemicals by both enzymatic and chemical catalysis.  For example, free fatty acids 
can be extracted from the medium and catalytically converted into esters or alkanes (Nikolau et 
al. 2008a, Steen et al. 2010a). As the demand for sustainable energy increases, production of 
useful chemicals from renewable feedstocks using biocatalyst fermentation is more attractive as 
a replacement for petroleum-based fuels and chemicals. Currently, several carboxylic acids have 
been fermentatively produced (Table 3.1). However biocatalysts with high product yield, titer 
and productivity are desirable in order for fermentative processes to be economically competitive 
with petroleum-based processes (Abbott et al. 2009, Jarboe et al. 2010). 
Selection-based strain improvement, often enabled by random mutagenesis, has been 
very successful for the production of carboxylic acids (Amiri-Jami et al. 2006, Bai et al. 2004). 
However, our ability to produce carboxylic acids and other fermentation products is often limited 
by complex cellular metabolism and regulations (Curran and Alper 2012). Currently, as 
information is acquired from new technologies such as high- throughout genomic sequencing 
and DNA recombination technology, we have the ability to overcome these limitations and 
improve microbial performance by fine-tuning enzymatic, transport and regulatory functions 
(Bailey 1991  ). Metabolic engineering, defined as “the directed improvement of production, 
formation, or cellular properties through the modification of specific biochemical reactions or 
the introduction of new ones with the use of recombinant DNA technology” plays a key role in 
improving strain performance (G. N. Stephanopoulos 1998, Kim et al. 2012). 
Here, we describe the use of metabolic engineering, motivated and guided in part by 
omics analysis, to enable desirable microbial performance for fermentative production of 
carboxylic acids (Figure 3.1). We mainly focus on recent progress with Escherichia coli and 
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Saccharomyces cerevisiae for production of lactic acid, malic acid and succinic acid. S. 
cerevisiae is appealing for carboxylic acids production because it can tolerate low pH. This 
reduces the need for maintenance of neutral pH via alkali addition and the low-pH fermentation 
broth is less vulnerable to contamination. Moreover, product tolerance can be another key factor 
in regards to the performance of developed strains, so strategies to improve tolerance to 
carboxylic acids are also discussed. 
3.2 Metabolic Engineering by Genetic Manipulations 
3.2.1 Improvement of Product Formation by Overexpression of Key Pathway Enzymes  
Increasing the expression of key enzymes in the desired metabolic pathway, as well as 
deletion of competing pathways, is often necessary to improve target production. There are many 
examples of this type of strategy enabling production of carboxylic acids.  In this section, we 
review overexpression of both native and heterologous enzymes contributing to improved 
succinate production by E. coli and malate production by S. cerevisiae; Figure 3.2 shows a 
simplified overview of central carbon metabolism in E. coli. 
Under anaerobic conditions, the formation of succinic acid by E. coli is primarily from 
the carboxylation of phosphoenolpyruvate (PEP) into oxaloacetate (OAA). This pathway is 
regulated by two enzymes: PEP carboxylase (PEPC, encoded by ppc) and PEP carboxykinase 
(PEPCK, encoded by pck). Overexpression of ppc has been reported to significantly increase 
succinic acid production from glucose (Millard et al. 1996). However, no effect was found by 
overexpression of the native PEPCK in E .coli (Millard et al. 1996). Furthermore, overexpression 
of PEPCK from Actinobacillus succinogenes, the main CO2-ﬁxing enzyme in the A. 
succinogenes succinate production pathway, in E.coli ppc-deficient mutant strains increased the 
production of succinic acid by as much as 6.5-fold (Kim et al. 2004).  
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In E. coli, PEP may also be converted into pyruvate either by the phosphotransferase 
system (PTS) or by pyruvate kinase. In other organisms, pyruvate can be converted into OAA by 
pyruvate carboxylase (PYC) (Attwood 1995, PetersWendisch et al. 1997), which is not present in 
E. coli. Therefore, another way to produce more OAA is by the heterologous expression of 
pyruvate carboxylase. The pyc gene from Rhizobium etli was expressed in E. coli, leading to an 
increase in succinate production from 1.18gL
-1
 to 1.77g L
-1
 (Gokarn, Eiteman and Altman 1998). 
Co-overexpression of genes encoding PEPC from Sorghum vulgare and PYC from Lactococcus 
lactis in E. coli increased the succinic acid yield relative to individual overexpression of only 
PEPC or PYC (Lin, San and Bennett 2005).  
In succinate production of E.coli, NADH availability was reported to be a limited factor. 
The fermentative pathway converting OAA to succinate requires 2 moles of NADH per 
succinate produced. However, one mole of glucose can only provide 2 moles of NADH through 
the glycolytic pathway. So the maximum theoretical yield of succinate is one mole per glucose 
consumed (Sanchez, Bennett and San 2005). The improved succinate yield can be accomplished 
by increasing availability of intracellular NADH. Berríos-Rivera et al heterologously expressed  
NADH-forming formate dehydrogenase from Candida boidinii in E . coli to generate 4 moles 
NADH per glucose consumed. Futhermore, this strategy was improved to produce NADH more 
than 4 moles by combination with more reduced carbon source (Berrios-Rivera et al. 2004). 
Additionally, a novel pathway with a reduced stoichiometric NADH/succinate molar ratio has 
been reported to increase succinate yield and productivity in E. coli. Three genes (ldhA, adhE, 
ack-pta) involved in central anaerobic pathway and one gene (iclR) involved in regulation of the 
glyoxylate pathway under aerobic conditions were deleted to eliminate NADH competing 
pathway and redirect carbon flux through the fermentative pathway and the glyoxylate pathway. 
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Additionally pyruvate carboxylase from Lactococcus lactis was expressed in above mutant at the 
same time to increase the flux from pyruvate to OAA. The resulted strain can efficiently produce 
per mole of succinate with only 1.25 mole of NADH (Sanchez et al. 2005). 
Wild-type S. cerevisiae can naturally produce low levels of L-malate as this compound is 
part of the central metabolic pathways, such as the TCA cycle.  Although four pathways have 
been identified in S. cerevisiae for malate formation, the most promising route for malate 
production from glucose is from pyruvate followed by reduction of OAA to malate, resulting in a 
maximum theoretical yield of 2 mol of malate per mol of glucose. This pathway involves the 
cytosolic enzymes pyruvate carboxylase and malate dehydrogenase (Zelle et al. 2008). 
Overexpression of the cytosolic isoenzyme of malate dehydrogenase (Mdh2p) increased malate 
production to 12 g L
-1 
(Pines et al. 1997), but Mdh2p is subject to repression by glucose, both at 
the enzyme and transcript level (Minard and McAlisterhenn 1992). Furthermore, the strategy for 
cytosolic malate dehydrogenase overexpression was based on retargeting the peroxisomal 
isoenzyme encoded by MDH3 to the cytosol by deletion of the C-terminal peroxisomal targeting 
sequence. This strategy increased the malate concentration more than 3-fold in shake ﬂask 
experiments. However, overexpressing pyruvate carboxylase (PYC2) did not significantly 
improve malate production (Zelle et al. 2008).  
Malate transport is also an important strategy to improve malate production. S. cerevisiae 
does not have a membrane transporter for malate and the diffusion across the plasma membrane 
is slow (Volschenk, van Vuuren and Viljoen-Bloom 2003). Thus, there has been interest in the 
use of heterologous transporters. Expression of the malate transporter SpMAE1 from yeast 
Schizosaccharomyces pombe was first reported to mediate the import of malate in S. cerevisiae 
(Volschenk et al. 1997); later studies showed that expression of SpMAE1 also enabled increased 
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malate production (Camarasa et al. 2001, Zelle et al. 2008). Moreover, a simultaneous 
overexpression of the native pyruvate carboxylase, cytosolic malate dehydrogenase and 
SpMAE1 in S. cerevisiae generated a high malate-producing strain with titers of 59 g L
-1
 and a 
malate yield of 0.42 mol per mol glucose (Zelle et al. 2008). 
3.2.2 Improvement of Product Formation by Inactivation of Competing Pathways 
Deletion of metabolic pathways that compete with production of the target compound can 
be a useful method for redirecting metabolic flux into the desired pathway. 
Anaerobic production of succinate by E. coli is normally associated with co-production 
of acetate, formate, lactate and ethanol. Preventing the formation of these byproducts would 
improve succinate production by both increasing product purity and hopefully increasing product 
yield and concentration, though this is challenging given the constraints of maintaining redox 
balance and the need for a net generation of ATP. Deletion of lactate dehydrogenase (ldh) 
eliminates the pathway that converts pyruvate to lactate (Matjan, Alam and Clark 1989). 
Formation of the other three byproducts (ethanol, formate and acetate) is dependent on pyruvate 
formate lyase, which converts pyruvate into acetyl-CoA and formate. Although simultaneous 
inactivation of the pyruvate-formate lyase (pflB) and lactate dehydrogenase (ldhA) resulted in the 
intended decrease in production of lactate, acetate and ethanol, unfortunately this double mutant 
strain was unable to ferment glucose. However, a spontaneous mutation in this pflB ldhA 
strain restored its ability to ferment glucose and produce succinic acid, acetic acid and ethanol in 
proportions of 2:1:1, which was an improvement  relative to the wild-type ratio of 1:2:2 
(Donnelly et al. 1998). Furthermore, the causative mutation restoring glucose fermentation was 
mapped to the ptsG gene encoding a membrane-bound, glucose-specific permease in the 
phosphotransferase system (PTS). Specifically, inactivation of the ptsG gene in the double 
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mutant strain restored the ability to ferment glucose and increased succinic acid production 
(Chatterjee et al. 2001). Redox balance is also an important factor in metabolic engineering and 
strain development. The double mutant (pflB ldhA ) resulted in a NADH/NAD+ 2:1 imbalance, 
which can also limit its growth. Singh et al identified a series of genes related to NADH 
oxidation. Overexpression such genes improved the growth of double mutant with reduced 
NADH/NAD
+
 ratio and improve succinate production (Singh, Lynch and Gill 2009). 
Reducing the metabolic flux to pyruvate is also critical for succinic acid production. 
Triple deletion mutants for three pyruvate-forming enzymes (ptsG, pykF and pykA) produced 
2.05 g L
-1
 succinic acid, a more than sevenfold increase over the wild type (0.29 g L
-1
)  (Lee et al. 
2005).  
Under aerobic conditions, the most effective way to produce succinic acid is through the 
glyoxylate cycle, in which isocitrate is converted into succinate and glyoxylate by isocitrate lyase 
(aceA). Disruption of succinate dehydrogenase (sdh), isocitrate dehydrogenase (icd), glyoxylate 
operon aceBAK repressor (iclR) and acetate pathways (poxB, ackA-pta) redirected the carbon 
flux through the glyoxylate bypass, resulting in production of 5.08 g L
-1
 (43mM) succinate in an 
aerobic batch fermentation (Lin, Bennett and San 2005).The same strategy was applied in yeast: 
genes encoding succinate (SDH1, SDH2) dehydrogenase and isocitrate dehydrogenase (IDH1, 
IDP1) were deleted from S. cerevisiae, increasing succinate production from 0.76 g L
-1
 to 3.62 g 
L
-1
 (Raab et al. 2010). 
Ethanol is often produced as an undesirable byproduct during carboxylic acid production 
by yeast. There are two enzymes associated with ethanol production: pyruvate decarboxylase 
(PDC) and alcohol dehydrogenase (ADH). The first attempt to eliminate ethanol formation was 
conducted in a lactate-producing strain. The ADH1 gene encoding ADH, which converts 
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acetaldehyde into ethanol was deleted. However, the decreased ethanol titer in the adh1-deletion 
strain did not result in increased accumulation of lactate (Skory 2003). While deletion of all three 
PDC genes (PDC1,5 and 6) encoding PDC isozymes completely eliminated ethanol formation 
and increased the accumulation of pyruvate, the mutant strains showed growth defects when 
grown on glucose as the sole carbon source. This weakness was addressed by directed evolution 
of a PDC knock-out strain using glucose as sole carbon source (van Maris et al. 2004).  
3.3 Omics Analysis 
Although genetic manipulation is powerful, its application is limited to previously-
characterized enzymes and regulators. Omics analysis can provide the global information from 
disturbed metabolism and find the potential target genes for problem solving. 
3.3.1 Transcriptome Analysis 
Transcriptome analysis, either by DNA microarray or sequencing-based quantification, 
has proven to be a powerful tool in the identification of novel target genes for improving strain 
performance (Hirasawa, Furusawa and Shimizu 2010). 
One of the successful examples was performed for lactate production.  In order to further 
improve lactate production by S. cerevisiae, the whole gene expression data was compared 
between an L-lactate-producing strain that expressed the human L-lactate dehydrogenase and the 
same strain harboring an empty plasmid. One of the most notable differences between the 
engineered and control strains was a 28-fold increase in abundance of the L-lactate cytochrome-c 
oxidoreductase encoded by CYB2 gene in the engineered strain. In S. cerevisiae, the function of 
CYB2 is to oxidize lactate to pyruvate. Its high expression suggested that some of the lactate was 
being assimilated back to pyruvate in the engineered strain and prevention of this assimilation 
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could increase lactate production. Subsequent deletion of the CYB2 gene confirmed this 
hypothesis by increasing L-lactate production 1.5-fold (Ookubo et al. 2008).  
The usefulness of transcriptome analysis in the identification of targets for metabolic 
engineering was further demonstrated by a microarray-based selection and screening of deletion 
strains. Lactate dehydrogenase (LDH) is the enzyme responsible for lactate production. Gene 
expression profiles were compared between the L-lactate producing strain (carrying LDH from 
human) and its control strain (carrying the plasmid without LDH). This analysis identified 388 
genes with significantly altered abundance in the L-lactate producing strain. In order to verify the 
effectiveness of microarray-based selection, individual deletions for 289 of these genes, as well 
as deletions for 56 randomly selected genes, were implemented into the strain with the plasmid 
carrying the human LDH gene. The lactate productivity was compared between these two groups 
of deletion strains and a control strain without the human LDH gene. Significantly altered L-
lactate production was observed in 59 of the deletion strains selected based on the transcriptome 
data and in none of the 56 randomly-selected strains (Hirasawa et al. 2009).  
Regulators controlling the pathway for target production can also be identified from 
transcriptome analysis. The Hap2/3/4/5 complex activates transcription of almost all genes 
involved in TCA cycle, oxidative phosphorylation and respiration (Olesen, Hahn and Guarente 
1987). Hap4p is mainly responsible for the activation of transcription produced by this complex 
(Olesen and Guarente 1990). Yano et. al. found that HAP4 is related to the production of malate 
and succinate in S. cerevisiae (Yano et al. 2003). A yeast strain (2OG-R39) with high malate and 
succinate production was isolated by mutagenesis of its parental strain (K-701). By comparing 
the transcriptome profiles of these two strains, the genes involved in TCA cycle, oxidative 
phosphorylation and respiration, were found to be upregulated in strain 2OG-R39. Furthermore, 
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a Northern blot analysis confirmed that HAP4 was expressed more strongly in strain 2OG-R39 
than its parent strain. Subsequent productivity tests showed that overexpression of HAP4 resulted 
in increased production of malate and succinate. 
3.3.2 Proteomics 
Proteomics examines the levels of proteins and their changes under particular genetic and 
environmental conditions, providing the information of complicated biological processes and 
posttranslational modifications (Han and Lee 2006a). 
The use of pentose sugars, such as xylose, as fermentation feedstocks remains 
challenging because many biocatalysts cannot use it as a carbon source. Although E. coli can 
naturally metabolize xylose to produce D-lactate, limitations of efficient xylose utilization still 
exist. In order to increase the lactate production from xylose, genes involved in competing 
pathways  (pflB, adhE and frdA) and an ATP-dependent xylose transporter (encoded by xylFGH) 
were deleted from wild type E. coli MG1655 to generate strain JU01. Furthermore, an adaptive 
evolution with increasing xylose as the sole carbon source was performed with JU01 to generate 
the robust strain JU15. JU15 had a 2.7-fold increase in xylose consumption rate and 19-fold 
increase in lactate yield relative to wild type E. coli. To identify the mechanism of the increased 
xylose utilization, quantitative proteomics were used to compare the parental strains and the 
evolved strain. The results showed increased abundance of most of the enzymes involved in 
glycolytic pathways and xylose consumption, suggesting a change in a xylose transporter for a 
higher catabolism of xylose. Further investigation of the evolved strain JU15 using comparative 
genome sequencing and phenotypic validations identified gatC as a new xylose transporter. In 
strain JU15, a point mutation within gatC, which resulted in a change from serine to leucine at 
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position 184, is responsible for the high xylose consumption phenotype (Jose Utrilla 2012).Note 
that GatC has been reported as the IIC component of galactitol PTS system. 
Mannheimia succiniciproducens has been reported to produce relatively large amounts of 
succinic acid under CO2-rich conditions (Song and Lee 2006). In order to elevate the production 
of succinate, the genes encoding lactate dehydrogenase, pyruvate-formate lyase, 
phosphotransacetylase, and acetate kinase were deleted in strain M. succiniciproducens 
MBEL55E, the new resulting strain was named as LPK7. Proteomic analysis, performed with 
both two-dimensional gel electrophoresis and mass spectrometry, was used to compare LPK7 to 
its parent strain MBEL55E in both exponential and stationary phase. This analysis revealed 
altered expression of enzymes involved in ATP formation and consumption, pyruvate 
metabolism, glycolysis and amino acid biosynthesis. Additionally, the changes in amino acid 
biosynthesis are more important to illustrate why LPK7 can produce more succinic acid than its 
parent strain. The starting C4-compound for succinic acid production is from oxaloacetate, 
overexpression of genes (Asd, Dap A and DapD) catalyzing amino acid biosynthesis from 
oxaloacetate and decreased expression of genes (Gdh, ArgD and ArgG) catalyzing amino acid 
biosynthesis from α–ketoglutarate can well explain for this phenotype (Lee and Lee 2010). 
3.3.3 Flux Analysis 
The distribution of metabolic flux through various metabolic networks plays a key role in 
determining biocatalyst behavior. Understanding the metabolic pathways required for production 
of the target compound and controlling the flux through these pathways can be enormously 
helpful in strain design and modification (McKinlay et al. 2007, Ratcliffe and Shachar-Hill 2006). 
Fluxomics is widely used in metabolic engineering (Sriram, Fulton and Shanks 2007, Boyle and 
Morgan 2011, Iwatani, Yamada and Usuda 2008), as it not only provides a general view of the 
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distribution of carbon throughout the metabolic network, but also quantifies intracellular 
metabolite turnover rates for specific metabolic pathways. Hence the information from 
comparing metabolic flux between control regulation and functional regulation can be assessed 
as guidelines for manipulating metabolic phenotype (Kim et al. 2012). 
Flux balance analysis (FBA) predicted an optimal metabolic pathway in E. coli for 
succinic acid production. It was found that the pyruvate carboxylation pathway should be used 
rather than phosphoenolpyruvate carboxylation pathway (Lee, Hong and Moon 2002). Based on 
the genome-scale E. coli stoichiometric model iJR904 and applied in silico optimization, the 
estimated maximal succinate yield was 1.6 mol succinate/mol glucose. Then a combination of in 
silico optimization and metabolic flux analysis identified three potential target genes for 
improving succinic acid production, including the glucose phosphotransferase transport system 
(PTS), pyruvate carboxylase, and the glyoxylate shunt. Genetic modification of these targets 
enabled higher succinate yields: 1.29 mol succinate/mol glucose, relative to the 0.15 mol/mol 
observed with the parent strain (Wang et al. 2006).  Moreover, a powerful combination of 
genetic inventory and flux balance analysis has been demonstrated. Specifically, it was desirable 
to compare the central carbon metabolism of the succinate producer Mannheimia 
succiniciproducens to E. coli in order to find candidate genes for increased succinate production. 
Metabolic pathways that exist in E. coli but not in M. succiniciproducens were considered to 
drive metabolic flux away from succinic acid formation. Five genes, including ptsG (component 
of the phosphotransferase system), pykAF (pyruvate kinases), mqo (malat:quinone 
oxidoreductase), sdhABCD (succinate dehydrogenase), and aceBA (glyoxylate shunt enzymes), 
were found in E. coli but not in M. succiniciproducens and were selected as potential target 
genes for deletion. A flux balance analysis based on a genome-scale metabolic model of E. coli 
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was used to select the optimal gene deletion combinations, and predicted deletion of ptsG and 
pykAF was promising, where the ptsG and pykAF deletion strains had a 100-fold higher 
succinate production rate than the wild type strain (Lee et al. 2005).  
13
C-based metabolic flux analysis is also a useful way to investigate metabolism in vivo 
(Ratcliffe and Shachar-Hill 2006, Wiechert 2001). The purpose of 
13
C-labeling is to investigate 
the operation of central metabolic pathways using labeled precursors. The distribution of these 
labeled carbons within downstream metabolites is determined by gas chromatography-mass 
spectrometry (GC-MS) or nuclear magnetic resonance spectroscopy (NMR), and additional 
constraints on the metabolic network are used to calculate the intracellular flux distribution (Kim 
et al. 2012, Camarasa, Grivet and Dequin 2003, Choudhary et al. 2011, Sriram et al. 2007). In S. 
cerevisiae, L-malic acid is synthesized from pyruvate followed by reduction of OAA to malate 
(Pines et al. 1996). Genetic modifications which aimed to drive flux through this pathway were 
conducted in S. cerevisiae, including overexpression of native pyruvate carboxylase, cytosolic 
malate dehydrogenase and malate transporter from Schizosaccharomyces pombe. After genetic 
modification, the highest malate production was obtained with titers up to 59 g liter
-1
. Then, 
a
13
C-NMR-based metabolic flux analysis performed on the modified strains demonstrated that 
the flux distribution was consistent with involvement of pyruvic oxaloacetic acid pathway (Zelle 
et al. 2008). 
3.4 Engineering Tolerance to Product Toxicity 
Product toxicity is a pervasive problem in the metabolic engineering of microbial 
biocatalysts for economically viable production of biorenewable fuels and chemicals (Jarboe, Liu 
and Royce 2011c, Abbott et al. 2007, Nicolaou et al. 2010, Reyes, Almario and Kao 2011). 
Specifically, the growth and metabolism of the biocatalyst can be inhibited at high product 
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concentrations, limiting the amount of product formed. Historically, this problem is addressed 
through the use of metabolic evolution, as described below. However, an understanding of the 
mechanism of toxicity can enable rational engineering efforts to mitigate this problem (Jarboe et 
al. 2011c, Brynildsen and Liao 2009a, Warnecke et al. 2012). Omics analysis, as described above, 
and reverse engineering of evolved strains can aid in understanding the toxicity mechanism. 
Carboxylic acids have been reported to be toxic to microbes, possibly due to membrane 
disruption and perturbed metabolic pathway by cytosol acidification (Abbott et al. 2007, 
Alexandre, Mathieu and Charpentier 1996, Legras et al. 2010, Cabral, Viegas and Sa-Correia 
2001, Lennen et al. 2011). Directed metabolic evolution serves to select for beneficial mutations 
by continuously culturing the cells under selective pressure (Cakar et al. 2012). Acetic acid 
released from hydrolysis of lignocellulose is a strong inhibitor to microbes during production of 
chemicals from plant biomass (Palmqvist and Hahn-Hagerdal 2000).Two evolutionary strategies 
have successfully selected strains with acetic acid tolerance in S. cerevisiae (Wright et al. 2011). 
The first strategy was to culture the yeast cells in increasing concentrations of acetic acid while 
maintaining the pH at 4. The second strategy was conducted by prolonged anaerobic continuous 
cultivation without pH control. In this strategy, selective pressure for acetic acid tolerance was 
generated by acidification from ammonium assimilation. The evolved strains from both methods 
showed improved tolerance to acetic acid after 400 generations.  
Transcriptome analysis is another useful tool to identify target genes for further strain 
development by comparing the expression profiles between strains with the acid-adapted and 
unadapted phenotype. The mechanism for carboxylic acid-tolerance has been extensively 
investigated in S. cerevisiae from genome-wide response by transcriptome analysis. Using global 
phenotypic analysis and transcriptional proﬁling, many genes related to weak acid resistance in S. 
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cerevisiae have been identified to be regulated by Msn2p/Msn4p (Schuller et al. 2004). A 
transcriptome analysis to investigate carboxylic acid toxicity (sorbate, acetate, propionate and 
benzoate) in S. cerevisiae identified 14 genes as up-regulated in response to all acids. Genes 
related to cell wall,  such as SPI1 encoding a glycosylphosphatidylinositol-anchored cell wall 
protein and YGP1 encoding  cell wall-related secretory glycoprotein, and membrane transport 
process were reported as overrepresented in this dataset (Abbott et al. 2007), and Pdr12p is also 
up-regulated in response to sorbate, propionate and benzoate. Pdr12p transports weak acid anions 
from the cytosol by energy-dependent export (Holyoak et al. 1999). Furthermore, transcriptome 
responses to octanoic acid and decanoic acid in S. cerevisiae revealed that the expression of 
transporters such as Pdr12p and Tpo1p is important for detoxification of octanoic acid by 
exporting it out of cells. Decanoic acid resistance involved Tpo1p, genes related to the beta-
oxidation pathway and ethyl ester synthesis. Note that both carboxylic acids activated oxidative 
stress genes (Legras et al. 2010). In addition, transcriptome anaylysis of the acetic acid response 
in S. cerevisiae showed that 80% of the acetic acid-activated genes were directly or indirectly 
regulated by Haa1p. Among these genes, the deletion of HRK1, which encodes a protein kinase 
dedicated to the regulation of membrane transporter activity, resulted in the increased acetate 
accumulation in acid-stressed cells and increased susceptibility to acetic acid (Mira, Becker and 
Sa-Correia 2010).  
Bacteria can detect environmental stress by sensor proteins, which are regulated by 
various transcription factors. A mathematical method, Network Component Analysis (NCA) 
based on known connectivity between transcription factors (TF) and genes, was applied in E. coli 
to analyze the dynamics of the activities of various TFs based on transcriptome profiles. Kao et 
al used NCA of 16 TFs to estimate transcription factor activities (TFA) during the transition 
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from glucose to acetate (Kao et al. 2004). They found that the activities of TFs regulating genes 
for amino acid biosynthesis, nucleotide biosynthesis and carbon source transition were disturbed. 
Metabolic flux analysis is also a useful tool in identification of the mechanism of 
inhibition. For example, a recent metabolic flux analysis of E. coli during octanoic acid 
challenge (Fu et al., in preparation) revealed decreased flux through pyruvate dehydrogenase and 
the TCA cycle, possibly due to the redox imbalance caused by membrane damage. 
Recently, a combination of directed evolution, transcriptome analysis and reverse 
engineering constructed a succinate-tolerance E.coli strain (Kwon et al. 2011). Wild-type E. coli 
W3110 was continuously cultured in a gradually increasing concentration of succinate for 9 
months, at which the succinate concentration was 0.592M. The final evolved strain DST160 
showed higher tolerance than the wild-type strain under the same succinate stress: in the 
presence of 0.592M succinate, DST160 showed a growth rate of 0.20 h
-1
, a 10-fold improvement 
relative to the wild-type strain value of 0.02 h
-1
. Comparative profiling by DNA microarray and 
quantitative PCR between DST160 and wild type W3110 showed that genes related to active 
transport and biosynthesis of osmoprotectants were upregulated. Furthermore, expression of ygjE, 
a putative succinate antiporter, and betA, for betaine biosynthesis, in non-adapted E. coli 
increased growth rate under succinate stress. 
3.5 Combination of Directed Evolution and Genetic Engineering 
 
While genetic manipulation and metabolic evolution are both while useful on their own, 
these tools become especially powerful when used together. Here, we review the examples 
where these two strategies have been successful combined to produce malate, succinate and 
lactate. 
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One such example is the alternating use of targeted gene deletion and growth-based 
metabolic evolution conducted in E. coli to improve the production of succinate and malate in 
mineral salts media (Jantama et al. 2008a). The first component of this strategy was to eliminate 
formation of lactate, ethanol and acetate by deleting ldhA, adhE and ackA, respectively. This left 
the malate and succinate pathway as the primary route for NAD
+
 regeneration and ATP 
production under fermentative conditions. Then the resulting strain KJ012 was evolved in 
growth-based selection in order to simultaneously select for improved growth and therefore, 
improved carboxylic acid production. The evolved strain was further improved by deleting genes 
involved in byproduct formation ( focA, pflB, poxB and mgsA) and growth-based evolution was 
again used to generate two strains (KJ060 and KJ073) with production of 622-733mM succinate, 
and one robust malate strain producing 516 mM malate. Moreover, further study in two robust 
succinate producing strains KJ060 and KJ073 found two mutations responsible for their 
phenotypes. One is a promoter mutation in pck, leading to increased expression of PEPCK, 
increased ATP formation  and therefore increased succinate production. The second mutation 
was a frameshift mutation within pstI, inactivating the PTS system. In this case, PTS-mediated 
glucose uptake was replaced by increased expression of galactose permease (galP) and 
glucokinase (glk) (Zhang et al. 2009c, Zhang et al. 2009b). 
The same engineering scheme was also successfully applied for lactate production (Zhou 
et al. 2005).  Deletion of the pathways for ethanol (adhE), acetate (ackA) and the Z. mobilis 
homoethanol pathway from E. coli KO11 generated strain SZ110. This left lactate production as 
the only method for NAD
+
 regeneration during fermentative growth. Then a growth based -
evolution was performed on SZ110, resulting in strain SZ132. Further deletion of other foreign 
genes resulted in lactate-producing strain SZ186. Both SZ132 and SZ186 can produce 667-700 
54 
 
 
mM lactate in mineral salts medium. Further improvement from SZ186 by eliminating co-
product formation and further metabolic evolution in mineral salts medium with glucose 
generated strain SZ194, with the production of 1.2M lactate from 12% glucose with addition of 
1mM betaine as osmoprotectant (Zhou et al. 2006). 
3.6 Summary and Outlook 
 
Developing fermentative processes that can provide biorenewable sources of bulk 
chemicals in a manner that is economically competitive with petroleum-based processes is 
becoming increasingly attractive, important and feasible. Here we have highlighted existing 
projects that clearly demonstrate that metabolic engineering is a useful tool in developing these 
processes. Specifically, we have focused on existing projects for the production of malate, lactate 
and succinate. Previous successes have also been reported for acetate, pyruvate, hydroxyacids 
and butanol (Causey et al. 2004, Causey et al. 2003, Adkins et al. 2012, Huang, Ramey and Yang 
2004) and many groups are currently working on production of longer-chain and medium-chain 
carboxylic acids (C5 and C6) (Lennen et al. 2010, Zhang, Carothers and Keasling 2012, Xiong et 
al. 2012). 
 Metabolic engineering in the form of overexpression of key pathway genes, as well as 
deletion of competing pathways, has proved quite effective for improving carboxylic acid 
production. Omics analysis has also been indispensable in the selection of non-obvious 
metabolic engineering targets. Improved tolerance to carboxylic acids is a key aspect of this area 
that needs further attention to enable production of these chemicals at higher titer. It is also clear 
that the cell membrane will be a promising target for future metabolic engineering. Furthermore, 
efflux pumps which can export the carboxylic acids outside the cells will be useful for improve 
the tolerance. In the future, a combination of synthetic technology with current metabolic 
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engineering information is expected to engineer a robust biocatalyst to produce biorenewable 
chemicals in place of petroleum. 
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Tables and Figures 
Table 3.1 Production of the carboxylic acids malate, lactate and succinate by E. coli and S. 
cerevisiae from glucose.  
 
 
n/a – not available 
 
 
 
                    
 
 
 
 
 
Carboxylic 
acid 
 
Organism 
 
Condition 
Titer 
(g/L) 
Yield 
(g/g) 
Productivity 
g/(L/h) 
 
Refs 
 
Malate 
S. cerevisiae Aerobic flask 59 0.31 0.19 
 
(Zelle et al. 2008) 
 
E. coli 
 
Two-stage process 
 
34 
 
1.05 
 
0.47 
 
(Zhang et al. 2011b) 
 
Lactate 
 
S. cerevisiae 
 
Anaerobic, batch 
 
70 
 
n/a 
 
0.93 
 
(Valli et al. 2006) 
 
E. coli 
 
Anaerobic, batch 
 
118 
 
0.98 
 
2.88 
 
(Grabar et al. 2006) 
 
Succinate 
 
S. cerevisiae 
 
Shake flask 
 
3.62 
 
0.1 
 
n/a 
 
(Raab et al. 2010) 
 
E. coli 
 
Anaerobic, batch 
 
83 
 
0.92 
 
0.88 
 
(Jantama et al. 2008b) 
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Figure 3.1.  Strain development methods in carboxylic acid production 
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Figure 3.2. Metabolic pathways for production of lactate, malate and succinate in E. coli. For 
simplicity, cofactor usage is not shown. Heterologous genes expression is expressed by dash line. 
Genes and enzymes:  
aceA, isocitrate lyase; aceB, malate synthase; ackA, acetate kinase;  adhE, aldehyde 
dehydrogenase; crr, glucose-specific phosphotansferase enzyme IIA component; fumABC, 
fumarase isoenzymes; frdABCD, fumarate reductase; icd, isocitrate dehydrogenase; ldhA, lactate 
dehydrogenase; mdh, malate dehydrogenase; ppc, phosphoenolpyruvate carbolxylase (PEPC); 
pck, phosphoenolpyruvate carboxykinase (PEPCK); pyc, pyruvate carboxylase (PYC); pykA and 
pykF, pyruvate kinases; pflB, pyruvate-formate lyase; pta, phosphate acetyltransferase; ptsG, PTS 
system glucose-specific EIICB component; ptsH, phosphocarrier protein HPr;  ptsI, 
phosphoenolpyruvate-ptotein phosohotransferase; sdh, succinate dehydrogenase.  
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Abstract 
In order to compete with petroleum-based fuel and chemicals, engineering a robust 
biocatalyst that can convert renewable feedstocks into biorenewable chemicals, such as 
carboxylic acids, is increasingly important. However, product toxicity is often problematic. In 
this study, the toxicity of the carboxylic acids hexanoic, octanoic, and decanoic acid on 
Saccharomyces cerevisiae was investigated, with a focus on octanoic acid. These compounds are 
completely inhibitory at concentrations of magnitude 1 mM, and the toxicity increases as chain 
length increases and as media pH decreases. Transciptome analysis, reconstruction of gene 
regulatory network and network component analysis suggested decreased membrane integrity 
during challenge with octanoic acid. This was confirmed by quantification of dose-dependent 
and chain-length dependent induction of membrane leakage, though membrane fluidity was not 
affected. This induction of membrane leakage could be significantly decreased by a period of 
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pre-adaptation and this pre-adaptation was accompanied by increased oleic acid content in the 
membrane, significantly increased production of saturated lipids relative to unsaturated lipids 
and a significant increase in the average lipid chain length in the membrane. However, during 
adaptation cell surface hydrophobicity was not altered. 
The supplementation of oleic acid to the medium not only elevated the tolerance of yeast 
cells to octanoic acid, but also attenuated the membrane leakiness. However, while attempts to 
mimic the oleic acid supplementation effects through expression of the Trichoplusia ni acyl-CoA 
9 desaturase OLE1(TniNPVE desaturase) were able to increase the oleic acid content, the 
magnitude of the increase was not sufficient to reproduce the supplementation effect and 
increase octanoic acid tolerance. Similarly, introduction of cyclopropanated fatty acids through 
expression of the Escherichia coli cfa gene was not helpful for tolerance. Thus we have provided 
quantitative evidence that carboxylic acids damage the yeast membrane and that manipulation of 
the lipid content of the membrane can increase tolerance, and possibly production, of these 
valuable products. 
 
 
 
Keywords: S. cerevisiae; carboxylic acid; membrane leakage; membrane lipid composition 
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4.1 Introduction 
The increasing cost and environmental pollutions from fossil-carbon feedstocks is increasing 
the demand for biorenewable production of fuels and chemicals. Fermentation of renewable feed 
stocks by biocatalysts to produce such fuels and chemicals has the potential to replace 
petrochemical-based production (Nikolau et al. 2008a, Steen et al. 2010a, Hermann and Patel 
2007, Erturk 2011). Carboxylic acids derived from microbial fermentation can be used as a 
platform to generate primary building blocks of industrial chemicals. For example, free fatty 
acids can be extracted from the medium and catalytically converted into esters or alkanes (Mäki-
Arvela et al. 2007b, Lennen et al. 2010, Lennen and Pfleger 2012), or biocatalyzed into alcohols 
through syngas fermentation (Perez et al. 2012). Generally speaking, a robust strain with high 
product yield and titer is desirable in order to increase the economic viability of the process.  
Saccharomyces cerevisiae grows well at low pH and in simple media, and the extensive 
knowledge of genetics and physiology make it a promising platform for industrial production of 
carboxylic acids (Abbott et al. 2009, Liu and Jarboe 2012b). However, carboxylic acids, such as 
octanoic acid and decanoic acid, have been reported to cause inhibition of growth, even death, of 
yeast cells (Cabral et al. 2001, Kabara and Eklund 1991). These lipophilic weak acids can cross 
the plasma membrane by passive diffusion and dissociate their liposoluble form in the neutral 
cytosol, leading to a decrease of the intracellular pH and accumulation of toxic anion (Legras et 
al. 2010, Cabral et al. 2001, Alexandre, Berlot and Charpentier 1994).  
Additionally, these highly liposoluble carboxylic acids can possibly perturb the organization 
of the plasma membrane, affecting its function as a matrix of enzymes and a selective barrier 
(Legras et al. 2010, Cabral et al. 2001, Viegas et al. 1998). When yeast cells are challenged with 
decanoic acid and octanoic acid, the activity of plasma membrane H
+
-ATPase was stimulated to 
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counteract increased cytoplasmic acidification; presumably this increases the ATP burden 
(Cabral et al. 2001, Viegas et al. 1998, Alexandre et al. 1996). Moreover, yeast cells under 
decanoic acid stress exhibited a significant change in membrane fluidity, indicating a 
perturbation of membrane integrity (Alexandre et al. 1996). Loss of membrane integrity could 
affect some transportation systems and decrease the cell’s ability to maintain appropriate 
concentration gradients across the plasma membrane (Salgueiro, Sacorreia and Novais 1988).  It 
has also been reported that in Escherichia coli a loss of membrane integrity is induced by 
exposure to or production of free fatty acids, along with decreased cell viability (Lennen et al. 
2011). 
Understanding of the underlying inhibitory mechanism is key to rational engineering to 
mitigate the toxicity of these carboxylic acids (Jarboe, Liu and Royce 2011b). The genome-wide 
view provided by transcriptome analysis yields insight about which genes and pathways are 
involved in the carboxylic acid response.Transcriptome analysis has previously been used to 
compare the response of yeast to the presence of four weak acids (benzoate, sorbate, acetate and 
propionate). Fourteen genes related to the cell wall, superoxide dismutase and DNA synthesis 
and repair were identified as upregulated to all four acids and defined as a conserved carboxylic 
acid response (Abbott et al. 2007). Moreover, transcriptome analysis of yeast exposed to 
medium-chain carboxylic acids (octanoic acid and decanoic acid) has revealed shared resistance 
genes, like oxidative stress, to both acids. Specifically, the resistance to octanoic acid involved 
two membrane transporters Pdr12p and Tpo1p, which counter the stress by exporting the acids 
from the cell (Legras et al. 2010). However, whether the stress from carboxylic acid will affect 
the function of the membrane is not yet known. 
69 
 
 
In this paper, we carried out an investigation of yeast response to octanoic acid exposure. 
Transcriptome analysis revealed a possible membrane disruption, which was then verified 
through quantitative analysis of membrane leakage induced by octanoic acid stress. Modulating 
membrane lipids by supplying external oleic acid can attenuate this effect and increase yeast 
tolerance, indicating that membrane leakage induced by octanoic acid is a major factor cause of 
growth inhibition by this important biorenewable product. 
4.2 Materials and Methods 
4.2.1 Strains, Media and Culture Conditions 
S. cerevisiae BY4741 (MATa his31 leu20 met150 ura30) (Brachmann et al. 1998) was 
grown in synthetic defined (SD) medium with 2% glucose (Fisher Scientific, Fair Lawn, NJ, 
USA) at 30 
o
C with orbital shaking at 150 rpm. SD medium contained 0.67% (w/v) Bacto-yeast 
nitrogen base without amino acids (Becton, Dickinson and Company, Sparks, MD, USA), 0.5% 
(w/v) Casamino acids (Acros Organics, Fair Lawn, NJ, USA), and 0.02 mg/ml uracil (Acros 
Organics, Fair Lawn, NJ, USA). Growth was monitored by optical density at 600 nm. The pH 
was adjusted with HCl to 5.0 before inoculation. Fatty acids (Acros Organics, Fair Lawn, NJ, 
USA) were provided in 100 mM stock solutions in 70% ethanol. For fatty acid tolerance 
experiments, a comparable amount of ethanol was added to control cultures. To solubilize oleic 
acid (Sigma-Aldrich, St. Louis. MO, USA), we added 1% (v/v) Tergitol NP-40 (Sigma-Aldrich, 
St. Louis. MO, USA) to the media (You, Rosenfield and Knipple 2003).  0.5 M ferric chloride, 
0.1 M ferrous chloride and 100 mM KH2PO4 (Fisher Scientific, Fair Lawn, NJ, USA) were 
dissolved in nanopure water and sterilized.  
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For growth rate studies, each culture was started by inoculating 25 ml of medium from an 
overnight culture to OD600=0.05 in a 250ml Erlenmeyer flask. The specific growth rate was 
determined by the growth rate in the exponential phase. 
4.2.2 Microarray Analysis  
We performed transcriptome analysis of S. cerevisiae BY4741 during mid-log growth in SD 
media with 2% glucose, pH 5.0, 30 
o
C with and without 0.3 mM octanoic acid present in the 
media.            
Transcriptome analysis was performed on three biological replicates, using Affymetrix 
arrays (Affymetrix, Inc., Santa Clara, CA, USA ) and Cyber T statistical analysis 
(http://cybert.ics.uci.edu/).. Sample processing was performed at the UCI DNA & Protein 
MicroArray Facility, University of California, Irvine. Isolated total RNA samples were processed 
as recommended by Affymetrix, Inc. (Affymetrix GeneChip
®
 Expression Analysis Technical 
Manual, Affymetrix, Inc., Santa Clara, CA. USA). In brief, total RNA was initially isolated using 
TRIzol Reagent (Gibco BRL Life Technologies, Rockville, MD, USA), and passed through an 
RNeasy spin column (Qiagen, Chatsworth, CA, USA) for further clean up. Eluted total RNAs 
were quantified with a portion of the recovered total RNA adjusted to a final concentration of 
1.25 µg/µl. All starting total RNA samples were quality assessed prior to beginning target 
preparation and processing steps by running out a small amount of each sample (typically 25-250 
ng/well) onto a RNA Lab-On-A-Chip (Caliper Technologies Corp., Mountain View, CA, USA) 
that was evaluated on an Agilent Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA, USA). 
Single-stranded, then double-stranded cDNA was synthesized from the poly(A)+ mRNA  present 
in the isolated total RNA (typically 10 ug total RNA starting material each sample reaction) 
using the SuperScript Double-Stranded cDNA Synthesis Kit (Invitrogen Corp., Carlsbad, CA, 
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USA ) and poly (T)-nucleotide primers that contained a sequence recognized by T7 RNA 
polymerase. A portion of the resulting ds cDNA was used as a template to generate biotin-tagged 
cRNA from an in vitro transcription reaction (IVT), using the BioArray High-Yield RNA 
Transcript Labeling Kit (T7) (Enzo Diagnostics, Inc., Farmingdale, NY, USA). 15ug of the 
resulting biotin-tagged cRNA was fragmented to an average strand length of 100 bases (range 
35-200 bases) following prescribed protocols (Affymetrix GeneChip
®
 Expression Analysis 
Technical Manual). Subsequently, 10 ug of this fragmented target cRNA was hybridized at 45°C 
with rotation for 16 hours (Affymetrix GeneChip
®
 Hybridization Oven 640, Affymetrix, Inc., 
Santa Clara, CA, USA) to probe sets present on an Affymetrix  GeneChip Yeast Genome 2.0 
array. The GeneChip
®
 arrays were washed and then stained (SAPE, streptavidin-phycoerythrin) 
on an Affymetrix Fluidics Station 450, followed by scanning on a GeneChip
®
 Scanner 3000. The 
results were quantified and analyzed using GCOS 1.2 software (Affymetrix, Inc., Santa Clara, 
CA, USA) using default values (Scaling, Target Signal Intensity = 500; Normalization, All Probe 
Sets; Parameters, all set at default values).  
Background subtraction, normalization and summarizing probe sets from Affymetrix 
expression microarrays were performed using the PLIER (Probe Logarithmic Intensity ERror) 
algorithm developed by Affymetrix. Statistical analysis was conducted using the Cyber-T 
software described by Salmon et al. (Salmon et al. 2003, Salmon et al. 2005).  The Cyber-T 
software package is available for online use at the website for the Institute for Genomics and 
Bioinformatics at the University of California, Irvine (http://cybert.ics.uci.edu/). The Cyber-T 
software package was used to perform a regularized t-test based on a Bayesian statistical 
framework and to calculate the posterior probability of differential expression (PPDE) values 
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(Baldi and Hatfield 2002, Hung, Baldi and Hatfield 2002). Raw data and processed data are 
available in the supplementary files. 
4.2.3 Reconstruction of Gene Regulatory Network (GRN) 
Log ratios of transcription factor activities (TFAs) can be estimated based on transcriptome 
data and known gene regulatory topology by using Network Component Analysis (NCA) (Liao 
et al. 2003). GTRNetwork (Fu, Jarboe and Dickerson 2011) compares the estimated TFA log 
ratios and transcriptome data to reconstruct gene regulatory networks and identify potential new 
regulatory links from already known gene regulatory topologies. In this study, yeast gene 
regulatory networks were reconstructed using GTRNetwork algorithm with inputs of 
transcriptome data from Many Microbe Microarrays (M3D) database (Faith et al. 2008) and 
initial gene regulatory topology from Yeastract database (Abdulrehman et al. 2011). M3D 
database collected and normalized 247 yeast microarray experiments. The gene regulatory 
topology obtained from Yeastract database (updated on 2010-12-13) contains 48,082 regulatory 
links between 183 TFs and 6,403 genes. The predicted regulatory links were included in the 
initial gene regulatory network for the estimation of TFA perturbations under C8 stress condition; 
this information is available as Electronic Supplementary Material 1 . 
4.2.4 Estimation of TFA Changes Under C8 Stress Conditions 
TFA log2 ratios between the C8 stress and the control condition were estimated using 
FastNCA (Chang et al. 2008) algorithm with the inputs of log 2 expression ratios between 
treatment conditions and control conditions from the C8 stress transcriptome data. Three 
different initial gene regulatory networks were used as FastNCA initial gene regulatory topology 
inputs: the original Yeastract regulatory data, the original Yeastract data plus the 28 predicted 
new regulatory links, and the original Yeastract data plus 93 predicted new regulatory links. 
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Each specified initial GRN would generate a different estimate of TFA ratios. Two-sample t-tests 
were performed on the estimated TFA ratios between the C8 stress conditions and the control 
conditions. P-values were calculated to identify significant change of TFA log2 ratios. 
(Electronic Supplementary Material 1 ).The GTRNetwork Matlab package and data of this study 
are available at: 
http://vrac.iastate.edu/~afu/GTRNetwork/GTRNetwork_1.2.1_adjustedForYeast.rar 
4.2.5 Membrane Fluidity Measurement 
The measurement of plasma membrane fluidity was performed on yeast protoplasts 
containing 0.6 mM diphenylhexatriene (DPH), as described previously (Namiki et al. 2011, 
Alexandre et al. 1994). Octanoic acid was added to the protoplast suspension before 
measurements. Membrane fluidity was assessed by measuring fluorescence polarization of DPH 
using a Synergy 2 Multi-Mode microplate reader from BioTek (Winooski, VT, USA) and a 
sterile black-bottom Nunclon delta surface 96-well plate (Sigma Aldrich, St. Louis. MO, USA) 
over the course of 60 minutes. 
4.2.6 Membrane Leakage Quantification 
The membrane leakage protocol was based on that described by Prashar et al. (Prashar et al. 
2003). Yeast cells were grown in 25 ml SD medium with 2% glucose at 30 
o
C, 150 rpm in 250 
ml Erlenmeyer flask flasks and harvested at OD600=1.0.  Cells were centrifuged at 5000 g, 4 
o
C 
for 20 minutes, washed twice with 0.9% sodium chloride (w/v) and resuspended in 0.9% sodium 
chloride. The cells were then treated with octanoic acid, mixed well and incubated at 30 
o
C for 
30 minutes. Then cells were centrifuged at 16,873 g, 4 
o
C for 5 minutes and magnesium in the 
supernatant was measured by infinity magnesium reagent (Thermo Scientific, Fair Lawn, NJ, 
USA) and spectrophotometer with temperature control (Varian Cary 50 Series, Varian Australia 
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Pty Ltd, Mulgrave VIC 3170, Australia) at 37 oC and 570 nm. The concentration of magnesium 
was calculated from a standard curve generated using standard solutions. Six replicates were 
performed for each treatment and all error bars correspond to one standard deviation. 
For oleic acid supplementation, the yeast cells were grown in SD medium plus oleic acid 
until harvest. The pre-exposure experiment was conducted by exposing yeast cells to 0.3 mM 
and 0.5 mM octanoic acid from the time of innoculation until log phase (OD600 = 1.0) was 
reached, then the cells were collected and the membrane leakage induced by 0.3 or 0.5 mM, 
respectively, of octanoic acid was measured as described above. 
4.2.7 Fatty Acids Analysis 
Yeast cells grown to mid log in SD medium with 2% glucose and different concentrations of 
octanoic acid were harvested by centrifugation at 5000 g, 4 
o
C for 20 minutes, and the pellets 
were washed twice with ice-cold sterile water before storing at -80 
o
C. 
Lipid extraction was performed according to Bligh and Dyer’s methods (Bligh and Dyer 
1959b). Methylation of fatty acids was performed by adding 2 mL of 1N HCl in methanol (1.6 
mL HCl in 8.4 mL methanol) with vortexing, and held at 80 °C for 30 minutes, then addition of 
2 mL 0.9% NaCl and 500 μL of hexane, then vortexing for 1 min. The hexane layer was 
recovered twice by centrifugation at 5000 g, 4 
o
C for 5 min. The fatty acid content was analyzed 
using an Agilent GC-FID/MS system equipped with the DB-5MS column (30 m, 0.25 mm i.d., 
0.25 μm, Agilent, Wilmington, DE, USA), and a MS detector was used for sample analysis. 
Three replicates were analyzed; error bars indicate one standard derivation. 
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4.2.8 Plasmid Construction And Transformation 
The coding sequence of TniNPVE desaturase (Genbank AF038050) was synthesized 
chemically by GENEWIZ.Inc (South Plainfield, NJ, USA). A 1.07 kb SpeI-XhoI DNA fragment 
of TniNPVE desaturase was inserted between SpeI and XhoI (New England Biolabs, Ipswich, 
MA, USA) of a constitutive plasmid pXP 418 with TEF1 promoter and URA3 selective marker 
(Fang et al. 2011).  A 1.14 kb HindIII-BamH1 gene fragment of cyclopropane fatty acyl 
phospholipid synthase (cfa) ( EcoCyc, EG11531) was amplified from the E. coli genome using 
forward primer: TAAAGCTTATGAGTTCATCGTGTATAGAAGAAGTC and reverse primer: 
CGGATCCTTAGCGAGCCACTCGAAGG. 20 µl polymerase chain reactions (PCR) were 
performed with the following components: 0.5µl bacterial DNA, 10 µl 2x Taq PCR Master Mix 
(Qiagen, Valencia, CA, USA), 0.2 µl each primer and 9.1 µl RNase-free water. Amplification 
was conducted in a BioRad iCycler Thermocycler (BioRad, Hercules, CA, USA) under the 
following conditions: initial denaturation at 94°C for 3 minutes, followed by 30 cycles of 
denaturation at 94°C for 1 minute, annealing at 58°C for 30 seconds and extension at 72°C for 3 
minutes, and a final extension at 72°C for 7 minutes. The PCR product was directly ligated to the 
linearized vector pYES2 (Invitrogen, Carlsbad, CA, USA) with T4 DNA ligase (New England 
Biolabs, Ipswich, MA, USA), following a transformation into the competent cells of Top10 E. 
coli (Invitrogen, Carlsbad, CA, USA)  by heat shock. pYES2 vector has the selective marker 
AMP for selection in E. coli and URA3 for yeast. The positive colonies were selected on Luria 
Broth with ampicillin and confirmed by PCR. Then plasmids were extracted from these colonies 
using Miniprep kit from Qiagen Sciences (Germantown, MD, USA) and transformed into the 
yeast strains using the lithium acetate method following the instructions from Invitrogen 
(Carlsbad, CA, USA). 
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4.2.9 Hydrophobicity Test 
Cells grown with or without 0.3 mM octanoic acid were harvested at midlog, centrifuged at 
5,000 g for 20 min, and resuspended in 0.9% sodium chloride (w/v)  to OD600 = 1. 1.2 mL cells 
were added to 0.6, 1.2, and 2.4 mL hexane as previously described (Rosenberg, Gutnick and 
Rosenberg 1980, Zhang, Garcia-Contreras and Wood 2007). Three replicates were included in 
the analysis. The microbial adhesion to hydrocarbons (MATH) values were calculated using the 
2.4 mL hydrocarbon samples as described by Aono, et al. (Aono and Kobayashi 1997). 
4.2.10 Statistical Analysis 
T-test was applied for statistical analysis. 
 
4.3 Results 
4.3.1 Toxicity of Medium-chain Fatty Acids Is a Function of Dose, Chain Length and pH 
In order to characterize the effect of fatty acid on yeast growth, S. cerevisiae was grown in 
SD medium plus 2% glucose with various concentrations of hexanoic acid (C6), octanoic acid 
(C8) and decanoic acid (C10) (Fig. 4.1a). All cultures were adjusted to pH 5.0 before inoculation. 
The presence of these fatty acids caused a dose-dependent inhibition of growth rate, and this 
inhibitory effect is also a function of carboxylic acid chain length. As the chain length increases, 
the toxicity to yeast cells was increased. 
 The toxicity of octanoic acid and decanoic acid on yeast cells in the presence of 6% (v/v) 
ethanol was previously described to be affected by the medium pH between 3.0-5.4 (Viegas et al. 
1989). Here we characterized the broad effect of medium pH on yeast growth in the presence of 
only octanoic acid (Fig. 4.1b). The pKa of octanoic acid is 4.89. As the medium pH approached 
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the pKa, the C8 toxicity increased. Because the abundance of the undissociated form will 
increase as the media pH approaches the pKa, these growth resutls strongly supports the 
assertion that the undissociated form of octanoic acid is the toxic form. 
Thus, if we wish to take advantage of yeast’s ability to grow at a low pH in a carboxylic acid 
production platform, carboxylic acid toxicity is a concerning problem.  
4.3.2 The Indication of Membrane Leakage by Microarray Analysis 
Previous studies have shown that knowledge of the mechanism of toxicity of an inhibitory 
molecule can enable rational engineering to increase tolerance (Jarboe et al. 2011b).  Omics analysis, 
such as transcriptome analysis, is one way to gain insight into the mechanism of toxicity. 
We performed transcriptome analysis of S. cerevisiae BY4741 during mid-log growth in SD 
media with 2% glucose at pH 5.0, with and without exposure to 0.3 mM C8. A dose of 0.3 mM 
C8 is sufficient to decrease the specific growth rate by 25%. This analysis identified 937 genes 
with significantly (p <0.01) perturbed expression in the + C8 condition relative to the control; 
136 of these genes have expression that is perturbed more than 2-fold (Electronic Supplementary 
Material 2). Note that the genes related to iron starvation, such as FIT2, FIT3 and TIS11, were 
each activated more than 5-fold. We did not observe perturbation of any of the fourteen genes 
identified by Abbott et al. (Abbott et al. 2007) as part of the conserved carboxylic acid response 
(data not shown). This could be due to differences in experimental conditions. 
Reconstruction of the gene regulatory networks resulted in 28 new potential links within the 
top 100 links with highest confidence and 93 new links within the top 200 links. These new 
connections are listed in Electronic Supplementary Material 1. Network component analysis was 
performed with and without these new regulatory links; regulators that were significantly 
perturbed in all three analyses are listed in Table 4.1. Of particular interest here is the perturbation 
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of Hap5 and Pho2. Hap5 has been reported as involved in the regulation of iron homeostasis in 
Candida albicans (Singh et al. 2011); Pho2 involves in the regulation of genes related to phosphate 
metabolism and starvation (Bhoite et al. 2002). The fact that these iron- and phosphate-starvation 
sensing regulators were activated under C8 stress suggests that these regulators are sensing a lack of 
these important compounds. Therefore, we supplemented the medium with 20 µM ferrous chloride 
(Fe
2+
), 100 µM ferric chloride (Fe3+) or 100 mM KH2PO4. However, no increase in C8 tolerance was 
observed (Fig.  4.2). The fact that increasing the abundance of these compounds in the growth media 
did not alleviate the growth inhibition leads to the proposition that octanoic acid-mediated disruption 
of the cell membrane indirectly perturbs the intracellular concentration of free iron and phosphate 
resulting in the observed transcriptional perturbations. If this hypothesis is true, then the observed 
perturbation of iron- and phosphate-related genes is a symptom of membrane disruption and not 
directly related to growth inhibition. This implies that the altered activity of these two regulators was 
possibly due to membrane damage, instead of nutrient starvation. 
4.3.3 Membrane Leakage Induced by Octanoic Acid Is Less Severe in Adapted Cells 
Because of their lipophilic features, fatty acids like octanoic acid can possibly change the 
membrane organization and affect its integrity (Alexandre et al. 1996). The leakage of internal 
material from yeast cells has been previously detected during ethanol stress (Mizoguchi and Hara 
1998, Osman and Ingram 1985, Salgueiro et al. 1988) and the release of intracellular magnesium 
has already been detected in studies with other chemicals, such as palmarosa oil and aldehydes 
(Prashar et al. 2003, Zaldivar, Martinez and Ingram 1999). Here we use magnesium as a model 
molecule to report leakage of intracellular contents into the extracellular medium in response to 
carboxylic acids, such as octanoic acid. 
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Yeast cells were grown to mid-log phase, exposed to octanoic acid, and the resulting leakage 
of magnesium into the supernatant was measured. The effect of octanoic acid on membrane 
leakage is shown in Fig. 4.3a.  A dose-dependent increase in leakage of magnesium was induced 
by octanoic acid, with the highest leakage observed at 1mM. Note that 1mM octanoic acid 
induces total growth inhibition in this condition (Fig. 4.1a). Additionally, when yeast cells were 
exposed to 0.3 mM C6, C8 and C10 respectively, the leakage of magnesium increased as chain 
length increased (Fig. 4.3b), similar to the trends observed with growth inhibition. 
However, this leakage was somewhat mitigated when yeast cells were pre-exposed to 
moderate amounts of octanoic acid until log phase and then harvested to examine leakage at the 
corresponding concentrations (Fig. 4.3c). For example, the release of magnesium was decreased 
by 50% for 0.3 mM (p = 0.0026) and 0.5mM (p = 0.054). This result indicates that some critical 
cell property, possibly membrane organization, is altered during adaption to octanoic acid, 
decreasing the release of magnesium and other critical compounds. 
We also measured the membrane fluidity and cell hydrophobicity under octanoic acid stress, 
but no change was detected for either property in the presence of either 0.3 mM or 1mM 
octanoic acid (Fig. S1 and Fig. S4 in Electronic Supplementary Material 3). 
4.3.4 Modification of Membrane Lipid Composition With Octanoic Acid Challenge 
The membrane lipids play an important role in maintaining the normal function of plasma 
membrane (Vanderrest et al. 1995).Yeast cells adapted to herbicide (2,4-dichlorophenoxyacetic 
acid) showed decreased plasma permeability relative to cells without adaption, and the 
membrane lipid distribution was modified in these adapted cells (Viegas et al. 2005). Given that 
we also saw adaptation of membrane permeability, as evidenced by magnesium leakage, we 
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aimed to determine if there were any changes in membrane lipids composition during adaptation 
to octanoic acid. 
The major fatty acid components of the yeast membrane were C16:1, C16:0, C18:1and 
C18:0, consistent with previous reports (Prashar et al. 2003). Fig. 4.4a shows the effect of 
octanoic acid on membrane composition. We investigated adaptation to three concentrations of 
C8:  0.3, 0.5 and 0.8 mM. Note that there was insufficient growth to investigate cells exposed to 
1 mM octanoic acid. Compared to cells grown without octanoic acid, adapted cells in all 
conditions showed increased relative abundance of C18:1 and decreased C16:1. Additionally, 
C16:0 was increased in 0.3 mM C8 and 0.5 mM C8 treatment, but decreased in 0.8 mM C8 
treatment; C18:0 was elevated under 0.5 mM C8 and 0.8 mM C8 (Fig. 4.4a). The ratio of 
saturated to unsaturated fatty acids was significantly increased by adaptation to 0.3 mM C8 and 
0.5 mM C8 (Fig. 4.4b). Additionally, the average chain length was increased in response to 
increasing concentrations of octanoic acid (Fig. 4.4c). 
4.3.5 Oleic Acid Supplementation Increased Octanoic Acid Tolerance and Reduced 
Leakage  
Since oleic acid was reported to be helpful for ethanol tolerance and fermentation by yeast 
(Kajiwara et al. 2000, You et al. 2003), and our results from membrane lipid analysis also 
showed an increased proportion of oleic acid under C8 stress (Fig. 4.4a), we supplemented our 
growth medium with 1 mM oleic acid and tested the resulting impact on octanoic acid tolerance. 
Cells were grown in medium containing octanoic acid (0.5 mM and 1 mM) with and without 1 
mM oleic acid. With the supplementation of oleic acid, cells grew faster than that without oleic 
acid addition (Fig. 4.2), with the specific growth rate 1.4 fold higher in 0.5 mM C8 and 6.9 fold 
higher in 1 mM C8. Fatty acids analysis between these two different growth condition showed 
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that in the presence of 0.5 mM C8, the membrane oleic acid content increased from 35% to 54% 
(p <0.05, Fig. S2 in Electronic Supplementary Material 3). 
We also examined the effect of oleic acid addition on the membrane leakage induced by C8. 
Cells were grown in medium supplemented with 1 mM oleic acid before challenge with C8. The 
release of magnesium from cells supplied with 1 mM oleic acid was significantly reduced in the 
presence of 0.3 and 0.5 mM (p < 0.05) (Fig. 4.3a). For the cultures supplemented with oleic acid, 
the ratio of saturated/unsaturated fatty acids was 23.33 ± 1.19 % and 31.76 ± 1.02 %, for the 
control and 1 mM C8, respectively. Similarly, the average change lengths were 17.34 ± 0.17 and 
17.25 ± 0.06 (data not shown). 
These results indicate that the tolerance to octanoic acid can be elevated by increasing the 
content of oleic acid in the cell membrane, possibly by increasing the membrane integrity and 
preventing the leakage of valuable metabolites and cofactors.  
4.3.6 Metabolic Engineering to Change Membrane Composition Does not Increase 
Octanoic Ocid Tolerance 
Our results show that increasing oleic acid content in the cell membrane increases tolerance 
to octanoic acid, consistent with other reports describing increased tolerance to ethanol. For 
example, acyl-CoA -9 desaturase encoded by OLE1 can covert saturated fatty acids to 
unsaturated fatty acids and overexpression of this gene has been found to contribute to ethanol 
tolerance (You et al. 2003, Kajiwara et al. 2000). Here, we over-expressed TniNPVE desaturase. 
This enzyme was selected due to reports that it enables increased oleic acid content relative to 
the native yeast desaturase (You et al. 2003). However, no increase in tolerance was detected 
when comparing the TniNPVE desaturase overexpression strain and wild type (Fig. S3 in 
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Electronic Supplementary Material 3). We analyzed the fatty acid profile in the TniNPVE 
desaturase  overexpression strain with and without octanoic acid to assess the increase of oleic 
acid content. The content of oleic acid in the TniNPVE desaturase  overexpression strain showed 
9% increase relative to the control strain (Fig. 4.5), however, when cells were grown with 0.5 
mM octanoic acid, oleic acid content was increased only 3% in TniNPVE desaturase-expressing 
cells relative to the control. For the TniNPVE desaturase -expressing cells in the presence of 0.5 
mM C8, the saturated/unsaturated ratio was 52.21± 0.03% and the average chain length was 
17.050 ± 0.006. For 0.5 mM C8 treatment supplemented with oleic acid, the 
saturated/unsaturated ratio and the average chain length was 28 ±1%  and 17.12 ± 0.04 
respectively (data not shown).This inability to sufficiently increase oleic acid content is possibly 
due to tight regulation of membrane content or use of the oleic acid in other metabolic pathways. 
Cyclopropanated fatty acids have been reported to be a major factor in acid resistance in E. 
coli (Chang and Cronan 1999). We expressed the cfa gene from E. coli in our yeast strain to test 
whether it can be helpful for increasing octanoic acid tolerance. Although the expression of CFA 
and production of C17 cyc as more than 10% of the fatty acid content was confirmed (Fig. S5 in 
Electronic Supplementary Material 3), no improvement in yeast octanoic acid tolerance was 
observed (data not shown). 
4.4 Discussion 
Carboxylic acids produced by fermentation of renewable feedstocks are potential 
intermediates for biorenewable fuels and chemicals. However, biocatalyst inhibition by these 
products is becoming more problematic as we expand production to next-generation fuels and 
chemicals (Jarboe et al. 2011b). The toxicity of organic acids is correlated with their lipophilicity, 
which possibly affects the membrane organization (Legras et al. 2010, Alexandre et al. 1996). In 
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the present work, we investigated the toxicity mechanism of octanoic acid in yeast. Analysis of 
transcriptome and gene regulatory networks indicated starvation of iron and phosphate, but it 
was not helpful for growth to supply these items externally, suggesting that membrane disruption 
may occur during octanoic acid challenge. Consistent with this lipophilicity trend, our results 
showed that the inhibition of yeast cells by C8 was related to C8-induced membrane leakage but 
not a change in membrane fluidity or hydrophobicity. Furthermore, we saw that modification of 
the membrane lipid profile by increasing the content of oleic acid was accompanied by a 
decrease in the leakage induced by C8 and also an increase in tolerance. Having identified 
membrane leakiness as a probable mechanism of inhibition and tolerance, future metabolic 
engineering efforts can directly target membrane composition.  
It is interesting to note that similar studies of carboxylic acid toxicity in E. coli, found that 
changes in membrane fluidity and hydrophobicity, and not leakage, are possible mechanisms for 
growth inhibition (Royce et al. in preparation). 
The plasma membrane is the major target for many biological processes that are vital for 
yeast cells (Viegas et al. 2005).  Organic solvents are known to be toxic to cells because they 
impair vital membrane functions (Ramos et al. 2002, Segura et al. 2012). Studies on cell 
performance under carboxylic acid stress have shown effects on the plasma membrane. For 
example, the activity of plasma membrane H
+
-ATPase was affected when yeast cells were grown 
with decanoic acid and octanoic acid (Viegas et al. 1998, Alexandre et al. 1996). Moreover, yeast 
cells under decanoic acid stress exhibited higher membrane fluidity than cells without acid stress 
(Alexandre et al. 1996), though we did not observe this effect in our analysis (Fig. S1 in 
Electronic Supplementary Material 3), possibly due to the different strain we used or a different 
mechanism for octanoic acid and decanoic acid. Decreased integrity of the plasma membrane can 
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enable leakage of intracellular materials, leading to decreased availability of important cofactors 
for biological process (Osman and Ingram 1985). Our hypothesis, based on perturbed activity of 
regulators for iron and phosphate starvation and lack of increased tolerance despite 
supplementation (Table 4.1 and Fig. 4.2), is that octanoic acid disrupts the plasma membrane, 
leading to leakage of iron, phosphate and other valuable compounds. Note that the leu2 mutation 
in our strain could possibly contribute to the growth inhibition, due to limitation of leucine 
uptake (Cohen and Engelberg 2007). This disruption of the membrane may result in growth 
inhibition. This hypothesis is supported by our observation of both intracellular magnesium 
leakage after adding carboxylic acids to yeast cells (Fig. 4.3a), and an increase in leakage with 
increasing chain length, further strengthening this assumption (Fig. 4.3b). Carboxylic acids can 
possibly change the membrane organization and affect its integrity due to their partial solubility 
within the membrane (Alexandre et al. 1996). Octanoic acid and decanoic acid have been 
reported to stimulate the membrane leakage induced by ethanol (Correia et al. 1989). Moreover, 
membrane leakage has been related with toxicity of some chemicals, especially ethanol. The 
ethanol-inhibited fermentation in Zymomonas mobilis and yeast was related to ethanol-induced 
membrane leakage. As the decreasing rate of fermentation, the efflux of magnesium and 
nucleotides was increased, which leads to the loss of intracellular cofactors and coenzymes 
essential for the enzymes involved in alcohol production (Osman and Ingram 1985, Salgueiro et 
al. 1988).We detected a similar relationship between the toxicity of octanoic acid and 
magnesium leakage in this work. The magnesium leakage induced by octanoic acid was 
increased in a dose-dependent manner, for example, the highest leakage occurred at 1 mM, a 
concentration which totally inhibits yeast growth.  
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The ability of microbes to cope with environmental stresses that affect plasma membrane 
organization and function depends upon the membrane composition (Vanderrest et al. 1995). 
Cells can increase resistance to toxic compounds by fine-tuning the membrane composition. The 
related studies reported that the main adaptive responses of bacteria to organic solvents are 
alterations in the membrane, such as fatty acid composition, phopholipid headgroups and 
proteins (Keweloh, Diefenbach and Rehm 1991, Heipieper et al. 1994). We observed that 
magnesium leakage induced by octanoic acid was decreased when cells were pre-adapted to 
octanoic acid (Fig. 4.3c), suggesting that some protective changes in the membrane occurred 
during adaption. A similar phenomenon was reported previously when yeast cells were 
challenged with 2, 4-dichlorophenoxyacetic acid; cells adapted to this compound were more 
resistant to membrane permeabilization by ethidium bromide than unadapted cells, possibly due 
to increased saturation degree of membrane fatty acid (Viegas et al. 2005). The similar trend 
found in our experiment was that the ratio of saturated to unsaturated was increased under the 
stress of 0.3 mM C8 and 0.5 mM C8 (Fig.4.4b). Additionally, alterations of membrane 
composition were also reported in organic acid stressed cells. When yeast cells were exposed to 
decanoic acids, the proportion of C18:1 (oleic acid) increased and that of C16:1 (palmitoleic acid) 
decreased (Alexandre et al. 1996). We also observed the same trend when yeast cells were grown 
in the presence of octanoic acid (Fig.4.4a). Previous studies of other organisms concluded that 
the ethanol tolerance was mediated by altering membrane composition through increasing the 
chain length of fatty acid or elevating the degree of cis-mono-unsaturated fatty acids (Ingram 
1986, Ingram and Buttke 1984). Here, we found that under the elevated concentrations of 
octanoic acid, the average chain length was also increased (Fig. 4.4c). Moreover, the ethanol 
tolerance and yield in yeast cells can be increased by increasing the amount of oleic acid in the 
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membrane (You et al. 2003, Zaldivar et al. 1999). Here we investigate it further by changing the 
lipid profile artificially to see whether yeast tolerance to octanoic acid is elevated. Based on Fig. 
4.4a and literature data about ethanol tolerance above, we supplied external oleic acid to growth 
medium. Yeast cells supplied with oleic acid had increased tolerance of octanoic acid (Fig. 4.2), 
drastically increased content of oleic acid in the membrane (Fig. S2 in Electronic Supplementary 
Material 3) and significantly decreased magnesium leakage (Fig. 4.3a). So reducing membrane 
leakage by rationally altering the membrane composition is one possible way to increase the 
tolerance to these carboxylic acids. However, metabolic engineering efforts to increase oleic acid 
content by exogenous expression of TniNPVE desaturase in the presence of yeast native 
desaturase, were unable to implement the drastic increase needed for increased tolerance (Fig. 
4.5). Thus, future efforts to understand and circumvent control of membrane composition could 
be useful. 
In conclusion, we have shown that the membrane damage induced by carboxylic acids can 
be partially alleviated by changing the membrane composition. Resolving the challenges 
associated with rational modification of the membrane composition, structure and integrity could 
enable further progress in this area. 
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Tables and Figures 
Table 4.1 Transcription factors (TFs) significantly perturbed by 0.3 mM C8 exposure, as 
determined by Network Component Analysis.  
 
TFs  Functions 
Hap5   +
a
 
Subunit of the heme-activated, glucose-repressed Hap2/3/4/5 CCAAT-binding complex; 
required for assembly and DNA binding activity of the complex. In Candida albicans, 
HAP5 was activated in iron deprivation in Cap2-dependent manner. In iron deprivation, 
Cap2 associates with Hap5, Hap2 and Hap32 complex to activate genes for iron uptake 
(Singh et al. 2011) 
Pho2    + 
Regulatory targets include genes involved in phosphate metabolism; binds 
cooperatively with Pho4p to the PHO5 promoter 
Cst6  n/a
b
 
Mediates transcriptional activation of NCE103 (encoding carbonic anhydrase) in 
response to low CO2 levels; involved in utilization of non-optimal carbon sources and 
chromosome stability 
Haa1 + 
Involved in genes putatively encoding membrane stress proteins; involved in adaptation 
to weak acid stress  
Hac1 n/a Involved in endoplasmic reticulum stress 
Met32 n/a Involved in transcriptional regulation of the methionine biosynthetic genes 
Ppr1 n/a 
Activates transcription of the genes (URA1, URA3, URA4), which encode enzymes 
involved in the regulation of pyrimidine levels 
Stb5 + Involved in regulating multidrug resistance and oxidative stress responses.  
Usv1 n/a 
Mutation affects transcriptional regulation of genes involved in growth on non-
fermentable carbon sources, response to salt stress and cell wall biosynthesis 
 
a
+, increased activity
 
b
n/a , not determined 
            The p-value criteria for significance was 0.05.  
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Fig. 4.1 Short chain fatty acids are inhibitory, with toxicity increasing with chain length and 
acidic growth condition. Cells were grown in 25 mL SD with 2% glucose in 250 ml baffled 
shakes shaking at 150 rpm at 30 
o
C. (a) Sensitivity of yeast BY4741 to hexanoic acid (C6), 
octanoic acid (C8) and decanoic acid (C10), respectively at pH 5.0. (b) The effect of medium pH 
on octanoic acid toxicity. Three replicates were conducted. 
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Fig. 4.2 Growth rate of yeast cells in SD medium at pH 5.0 containing octanoic acid was 
increased by the supplementation of oleic acid, but not with iron or phosphate. Three replicates 
were conducted 
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Fig. 4.3 Membrane leakage induced by octanoic acid was decreased by oleic acid 
supplementation or pre-adaption until log phase to octanoic acid at the indicated concentration. 
(a) Magnesium leakage induced by octanoic acid with and without 1 mM oleic acid 
supplementation. (b) The leakage of magnesium in yeast cells exposed to 0.3 mM C6, C8 and 
C10, respectively. (c) The leakage of magnesium in yeast cells either adapted or not adapted to 
0.3 mM and 0.5 mM C8. The two different groups were tested in the presence or absence of 0.3 
mM and 0.5 mM C8, respectively. Six replicates were conducted. Six replicates were conducted 
(*p <0.05 relative to unadapted cells) 
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Fig.4.3 Continuted 
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Fig. 4.4 Increasing concentrations of octanoic acid results in an increase in oleic acid content. (a) 
Membrane lipid composition of yeast cells adapted to increasing concentrations of octanoic acid 
until log phase. The percentages of palmitoleic acid (C16:1), palmitic acid (C16:0), oleic acid 
(C18:1) and stearic acid (C18:0) are shown. (b) Ratio of saturated to unsaturated fatty acids 
under the increasing concentrations of octanoic acid (*p <0.05 relative to 0 mM control). (c) The 
average chain length was increased in a dose dependent manner. Three replicates were conducted 
 (*p <0.05 relative to 0 mM control)  
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Fig. 4.4 Continuted 
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Fig. 4.5 Membrane lipid composition of TniNPVE desaturase overexpression strain and the 
control strain (carrying empty plasmid pxp418) with or without 0.5 mM octanoic acid stress. 
Increased expression of TniNPVE desaturase did increase oleic acid content, but not to the same 
degree observed with oleic acid supplementation. Three replicates were conducted (*p <0.05 
relative to empty plasmid) 
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Abstract 
Carboxylic acids are an attractive biorenewable chemical. However, like many other 
fermentatively produced compounds, they are inhibitory to the biocatalyst. An understanding of 
the mechanism of toxicity can aid in mitigating this problem.  Here we show that hexanoic and 
octanoic acids are completely inhibitory to Escherichia coli MG1655 in minimal media at a 
concentration of 40 mM, while decanoic was inhibitory at 20 mM. This growth inhibition is pH-
dependent and is accompanied by a significant change in the fluorescence polarization (fluidity) 
and integrity. This inhibition and sensitivity to membrane fluidization, but not to damage of 
membrane integrity, can be at least partially mitigated during short-term adaptation to octanoic 
acid. This short-term adaptation was accompanied by a change in membrane lipid composition 
and a decrease in cell surface hydrophobicity. Specifically, the saturated:unsaturated lipid ratio 
decreased and the average lipid length increased. A fatty acid-producing strain exhibited an 
increase in membrane leakage as the product titer increased, but no change in membrane fluidity. 
These results highlight the importance of the cell membrane as a target for future metabolic 
engineering efforts for enabling resistance and tolerance of desirable biorenewable compounds, 
such as carboxylic acids. Knowledge of these effects can help in the engineering of robust 
biocatalysts for biorenewable chemicals production. 
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5.1 Introduction 
Biofuels and biorenewable chemicals are an increasingly important area of research. Government 
policies are demanding cleaner, safer, and more sustainable processes for production of energy 
and chemicals (DOE 2012, Chambers and Muecke 2010). Development of drop-in replacements 
of petroleum-derived compounds is key to a sustainable carbon-based chemicals industry 
(Nikolau et al. 2008b, Bozell and Petersen 2010). To this end, there is substantial interest in 
producing biorenewable fuels and chemicals from biomass (Wackett 2008, Erickson, Nelson and 
Winters 2012, Centi and van Santen 2007). Carboxylic acids can serve as precursors to many 
molecules in industrial applications. For example, carboxylic acids can be converted into alkanes 
for diesel fuel applications (Mäki-Arvela et al. 2007a) or into α-olefins for polymer synthesis 
applications (Shanks 2010, Alonso et al. 2010). β-hydroxyalkanoates, another molecule of 
interest in biorenewables research, can be made into a polymer from carboxylic acids as a 
monomer (Guo-Qiang et al. 2001). Short chain fatty acids (SFCAs) may be more desirable for 
polymer synthesis in order to control the number of carbons in the polymer backbone, whereas 
the larger molecules are applicable for biodiesel.  
Fatty acids or carboxylic acids with 12 - 18 carbons are common in biology as the main 
components of bacterial cell membranes. The fatty acid biosynthesis pathway is an iterative way 
to modulate the carbon chain length of molecules as desired (Nikolau et al. 2008b, Zhang, 
Rodriguez and Keasling 2011a) and thus there is extensive interest in exploiting this system to 
make a broad range of biorenewable chemicals.  
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In addition to their potential as biorenewable chemicals, fatty acids are used in a number 
of industries ranging from soap to preservatives. For example, the food industry uses free fatty 
acids as a preservative to increase shelf life (Makkar and Cameotra 2002, Kabara 1984, Kabara 
2005). Therefore, it is known that SCFAs are inhibitory to microbial growth, as reported by a 
number of sources (Liu et al. 2013, Yang et al. 2010, Kabara 2005, Desbois and Smith 2010). 
This usefulness as a preservative could in turn be a problem in the fermentative production of 
SCFAs as biorenewable chemicals. Small organic acids (i.e., formic, acetic, propanoic and 
butyric acids) are a natural byproduct of fermentation, especially in the human intestine, where 
concentrations can range from 20 to 120mM (Cummings and Macfarlane 1991). Therefore, 
many enteric bacteria have natural pathways and mechanisms for mitigating toxicity of small 
organic acids, including transport, altered metabolism, acid resistance, and stress proteins (Diez-
Gonzalez and Russell 1999, Polen et al. 2003). Individual response mechanisms are reported in 
literature, but as a whole, the entire response network is not clear. Moreover, the mechanisms 
can be molecule-dependent and even have opposing effects in some cases, confounding analysis 
(Kirkpatrick et al. 2001, Russell 1991).  
Inhibition of the biocatalyst by the desired product is a common problem in the 
fermentative production of biorenewable fuels and chemicals, but knowledge of the mechanism 
of inhibition can aid in the design of strategies for engineering tolerance (Jarboe, Liu and Royce 
2011a). Much work has been done to address microbial inhibition by biofuels such as ethanol 
and butanol (Huffer et al. 2011, Minty et al. 2011, Reyes et al. 2011, Jarboe et al. 2007); 
however, the mechanisms of short chain fatty acid (SCFA) toxicity in E. coli are not well 
understood. Specifically, our knowledge of the mechanism of inhibition by hexanoic (C6), 
octanoic (C8), and decanoic acids (C10) remains incomplete (Carpenter and Broadbent 2009, 
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Ricke 2003). Recently, Hyldgaard and coworkers (Hyldgaard et al. 2012) showed the 
mechanisms of inhibition of monocaprylate, a monoester containing octanoate. Their work 
addressed the cellular physiology as described by atomic force microscopy, dye leakage, and the 
lamellar phase of model membranes. While their study is an excellent qualitative analysis, more 
work is needed for a quantitative assessment of the mechanisms of inhibition. 
Lennen et al. (Lennen et al. 2011)[Lennen et al. 2013] indicated that toxicity may 
adversely affect yields of free fatty acid production. Their transcriptome analysis led to the 
proposition that the SCFAs damage the cell membrane; similar effects were proposed in 
Brynildsen’s (Brynildsen and Liao 2009b) transcriptome analysis of butanol challenge. Here we 
confirm and quantify the potentially damaging effects of SCFAs on the E. coli cell membrane 
and possible mechanism E. coli uses to increase tolerance to SCFAs. In addition to observing 
this damage to the membrane during exogenous challenge with SCFAs, we also observe similar 
damage during carboxylic acid production. 
 
5.2 Materials and Methods 
5.2.1 Strains and Growth Conditions 
  Escherichia coli strains were obtained from ATCC (Manassas, VA, USA) (Table 5.1) 
and were grown with 1 mL MOPS minimal media (Wanner 1994) with 2 % dextrose in a 5 mL 
sterile culture tube shaking horizontally at 100 rpm at 37 °C for 24 h. Overnight cultures were 
diluted to an optical density of 0.05 at 550 nm (OD550) for specific growth measurements and 
diluted to 0.1 for fluidity, leakage, lipid composition, and hydrophobicity measurements. 
Adapted E. coli were grown to midlog (OD550 ~0.8), centrifuged (Fisher Scientific Marathon 
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21000R, Thermo IEC 6555C rotor, Hampton, NH, USA) at 5,000 g for 15 min., resuspended in 
MOPS media with 2 % dextrose containing C8 and incubated for 3 hours at 37 °C without 
shaking. Strain ML103+pXZ18Z (Ranganathan et al. 2012) (obtained from Dr. Ka-Yiu San, Rice 
University, Houston, TX, USA) was grown in a 500 mL bioreactor in MOPS+2 % dextrose + 
100 µM IPTG at 30 °C, 300 rpm. The bioreactor was pH and temperature controlled. Foam was 
controlled with automated addition of 50 % solution of antifoam B silicone emulsion (J.T. Baker, 
Phillipsburg, NJ, USA).  
5.2.2 Determination of the Specific Growth Rate 
The specific growth rate (SGR) was determined by the growth rate in the exponential phase of 
cultures in 25 mL MOPS media with 2 % dextrose with various concentrations of fatty acid 
solutions (4 M stock in 100 % ethanol) in 250 mL baffled shake flasks shaking at 150 rpm in a 
rotary shaker. Adding the same volume amount of 100 % ethanol as a control did not affect the 
growth rate. The initial media pH was adjusted to 7.0 in all cases except when modulating the pH 
from 5 to 7. The media pH during fermentation maintained a pH between 6.5 and 7.0 when 
estimating the SGR. The line of fit when estimating the SGR had a R
2
 value ≥ 0.9.   
5.2.3 Fitting Specific Growth Rate Data as a Function of pH and Protonated Octanoic Acid 
After determination of the specific growth rate, the specific growth rate data was fitted using the 
following equations derived from the Henderson-Hasselbach equation: 
       
       (1) 
     
   
            
          (2) 
where C8t is the total concentration of C8, C8O
-
 is the undissociated form, and C8OH is the 
protonated form. 
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5.2.4 Determination of Membrane Fluidity 
Membrane fluidity can be measured as a fluorescence polarization or anisotropy value, which 
corresponds to how a fluorescent probe inside the membrane reacts to polarized light 
(Mykytczuk et al. 2007). Harvested cells were treated according to the protocol described by 
Beney et al. (Beney, Mille and Gervais 2004). Briefly, the samples were washed twice in PBS, 
pH=7.0, resuspended (1x10
8
 cells/mL), and incubated at 37 °C for 30 min. with 1,6-diphenyl-
1,3,5-hexatriene (DPH, supplied by Life Technologies, Carlsbad, CA, USA) at a concentration of 
0.2 µM (0.2 mM stock solution in tetrahydrofuran). Fluorescence polarization  values were 
determined by using a Synergy 2 Multi-Mode microplate reader from BioTek using sterile black-
bottom Nunclon delta surface 96-well plates. The filters were 360/40 nm fluorescence excitation 
and 460/40 nm fluorescence emission filters from BioTek. The excitation polarized filter was set 
in the vertical position. The emission polarized filter was set either in the vertical (IVV) or 
horizontal (IVH) position. The polarization value is calculated by the following formula: 
  
        
        
  (3) 
,where G is the grating factor, assumed to be 1. The cells were treated with octanoic acid at pH 
7.0 just before measurements. 
5.2.5 Membrane Leakage 
E. coli cells were grown in the same condition as the fluidity measurements and processed at the 
same time. The leakage test was performed according to Osman et al. (Osman and Ingram 1985). 
Cells were centrifuged at 5,000 g, 4 °C for 15 min., washed twice with PBS pH=7.0 and 
resuspended in PBS at a final OD550=10 (1.69x10
9
 cells/mL). The cells were then treated with 
octanoic acid at pH 7.0, mixed well by pipetting and incubated at 37 °C for 30 min. The cells 
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were then centrifuged at 16,873 g (14,000 rpm) 4 °C for 5 min. and magnesium in the 
supernatant was measured by infinity magnesium reagent (Thermo Fisher Scientific, Vista, CA) 
and spectrophotometer with temperature control at 30 °C (Varian Cary 50 Series, Agilent 
Technologies, Santa Clara, CA). The leakage values of magnesium were expressed as a 
percentage of magnesium released by chloroform with vortexing for 30 s. (0.2 ml chloroform per 
2 ml of suspension). 
5.2.6 Membrane Lipid Composition 
MG1655 cells were harvested at midlog, resuspended in 25 mL media with 0-30 mM C8 pH 7.0 
and incubated for 3 hours. The cells were washed twice in cold sterile water and split into four 
tubes. 50 μL of 0.4 mg/mL C13/C19 (tridecanoic acid/nonadecanoic acid)  in chloroform was 
added as internal standards. The Bligh and Dyer method was adapted for membrane lipid 
extraction (Bligh and Dyer 1959a). Briefly, the cells were resuspended in 1.4 mL methanol, 
sonicated for three, 20 s bursts, and incubated at 70 °C for 15 min. The cells were then 
centrifuged at 5,000 g for 10 min. and the supernatant was collected. The cell pellet was further 
treated with 750 µL chloroform and incubated at 37 °C for 5 min. shaking in a horizontal shaker 
at 150 rpm. A methanol:water:chloroform (1.9:1.9:1) ternary mixture was used to phase-separate 
the extracted lipids in the chloroform layer. The free fatty acids were concentrated with a N-Evap 
nitrogen tree evaporator (Organomation Associates). The lipids were methylated into fatty acid 
methyl esters (FAMEs) at 80 °C for 30 min. by adding 2 mL 1N hydrochloric acid in methanol 
to samples concentrated under nitrogen, then 1 mL 0.9 % sodium chloride solution was added. 
The FAMEs were extracted with hexane, filtered with a 0.2 µm PTFE filter, and analyzed by 
GC-FID/MS using the following instruments: an Agilent 7890 gas chromatography, an Agilent 
5975 mass spectroscopy, and a Agilent 190915-433 30m x 0.25mm x 0.25mm column (Agilent 
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Technologies, Santa Clara, CA). The initial temperature was set at 50 °C, holding for 1 min., 
with the following temperature ramp: 20 °C/min. to 140 °C, 4 °C/min. to 220 °C, and 5 °C/min. 
to 280 °C with 1 mL/min. helium carrier gas. The relative retention factor of C19 was used to 
ad ust the relative amounts of the individual fatty acids analyzed 
 Tvrzick _2002_analysis_FAME_GCFID]. 
 The saturated:unsaturated ratio (S:U) and weighted-average lipid length were calculated 
as follows: 
    
                       
                         
 (4) 
  
                                                                 
                                                 
 (5) 
5.2.7 Hydrophobicity Test 
Unadapted and 30 mM C8 adapted cells were harvested at midlog, centrifuged at 5,000 g for 20 
min. and resuspended in PBS buffer to OD550= 0.591 (1x10
8
 cells/mL). 1.2 mL cells were added 
to 2.4 mL hexane as previously described (Zhang, García-Contreras and Wood 2007). The 
microbial adhesion to hydrocarbons (MATH) value was calculated as previously described 
(Aono and Kobayashi 1997). 
5.2.8 Statistical Analysis 
P-values were obtained by using oneway ANOVA and Tukey-Kramer pairs analysis with the 
JMP v/8.02. statistical program (SAS Institute, Cary, NC). 
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5.3 Results 
5.3.1 Strain Comparison 
It is known that short chain fatty acids are toxic to E. coli (Yang et al. 2010, Kabara 2005, 
Desbois and Smith 2010). Here we performed a side-by-side comparison of three E. coli strains 
frequently used for metabolic engineering projects. Specifically, we tested and compared for 
their octanoic acid tolerance (Fig. 5.1a). The C8 sensitivity was similar for all strains and 
substrain MG1655 was selected for subsequent experiments, given that it is the most well-
characterized substrain. 
5.3.2 Specific Growth Rate of MG1655 
The SGR of MG1655 under SCFA stress was determined at a variety of concentrations and three 
chain lengths (Fig. 5.1b). All carbon chain lengths (C6, C8, C10) were completely inhibitory by 
40 mM, with C10 being completely inhibitory at 20 mM. While C6 and C8 imposed roughly the 
same degree of inhibition, C10 was more inhibitory than C6 or C8. Thus, there is a slight 
association between SCFA toxicity and SCFA chain length, though not to the degree observed 
with yeast (Liu et al. 2013).  
It is known that the inhibitory action of free fatty acids on microorganisms is pH-
dependent (Yang et al. 2010). Therefore, the media pH was modulated to quantitatively describe 
the inhibitory behavior on the SGR. In the absence of octanoic acid, media pH has a roughly 
linear impact on the E. coli SGR (Fig. 5.1c). However, in the presence of 10 mM C8, the 
relationship between media pH and E. coli growth changed to a logarithmic decay. Comparing 
the growth rate to the concentration of protonated C8 instead of bulk media pH restores the linear 
relationship with SGR (Fig. 5.1d). This result is consistent with previous reports that the 
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protonated form has a greater permeability of the membrane and is therefore more toxic to 
microorganisms. 
5.3.3 Short-term Adaptation 
The results described above provide insight into the sensitivity of E. coli to SCFA. In order to 
gain insight into the E. coli response to this inhibition, short-term adaptation was performed. 
MG1655 cells were adapted to octanoic acid during three hours of growth in the presence of 30 
mM C8 at pH 7.0 before inoculation into fresh media and re-assessing the specific growth rate. 
The adapted cells had significantly increased C8 tolerance, as evidenced by their ability to grow 
faster than the un-adapted cells in the presence of 30 and 40 mM C8 and demonstration of slight 
growth in the presence of 50 mM C8 (Fig. 5.1e).  
 These results demonstrate that changes that occur during SCFA adaptation increase the 
tolerance of E. coli to the stresses imposed by SCFA. Identification of these changes can provide 
insight into the mechanism of SCFA toxicity. 
5.3.4 Membrane Fluidity and Leakage 
Previous studies have concluded that SCFA toxicity is imposed by membrane damage (Desbois 
and Smith 2010). We quantified this damage in terms of the impact on both membrane fluidity 
and membrane integrity. Measurements of the membrane fluidity and membrane leakage confirm 
that SCFAs damage the cell membrane (Fig. 5.2). As the concentration of octanoic acid 
increased, the fluorescence polarization significantly decreased in unadapted E. coli, 
corresponding to increased fluidity (Fig. 5.2a).  
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 Another indication of a damaged membrane is the membrane porosity, as reflected by the 
amount of intracellular magnesium released. Challenge with 30 mM octanoic acid resulted in the 
release of 46 % more magnesium than the control sample (Fig. 5.2b).  
 These results confirm that exogenous SCFA challenge has a significant impact on both 
the fluidity and integrity of E. coli that was grown in the absence of SCFA. However, these 
results do not indicate which of these two effects is the most detrimental to growth or if either of 
these can be mitigated through the adaptive response. Given the fact that a short period of 
adaptation is sufficient to increase the resistance to growth inhibition by SCFAs, we repeated the 
quantification of membrane fluidity and integrity using cells that had undergone three hours of 
SCFA adaptation. 
 In contrast to the results seen for the unadapted cells, C8-adapted E. coli were 
significantly more resistant to the fluidizing effects of octanoic acid under the concentrations 
tested (Fig. 5.2a). However, there was not a significant difference in the C8-mediated leakage 
between the adapted and unadapted cells (Fig. 5.2b).  
 These results suggest that during SCFA adaptation, the cell membrane is changed in a 
way that makes it resistant to the fluidizing effects of SCFAs, but not to the type of damage that 
induces a loss of integrity. An understanding of these changes could provide insight into both the 
mechanism of SCFA toxicity and means for increasing tolerance. 
5.3.5 Membrane Lipids 
In order to better understand the changes in the membrane that occur during adaptation and lead 
to maintenance of fluidity, we first quantified the membrane lipid composition for E. coli cells 
either grown in the control condition or adapted for 3 hours to a variety of C8 concentrations 
111 
 
 
(Fig. 5.3). As previously observed for bacteria, the membrane lipids can change upon 
environmental perturbations (Di Pasqua et al. 2007, Zhang and Rock 2008). 
 Interestingly, there was a sharp decrease in C16:1 and an increase C17cyc upon addition 
of 10 mM C8; however, upon further addition of C8, the affect was reversed to the control value. 
The shorter lipids (C12:0 and C14:0) decreased whereas the longer lipids increased. The degree 
of change is apparent in the ratio of saturated to unsaturated lipids (S:U ratio) and the weight-
averaged lipid length (Fig. 5.3b). The S:U ratio significantly decreased and the lipid length 
significantly increased upon C8 adaptation. This combined change of the S:U ratio and the lipid 
length may be the mechanism behind the maintenance of the membrane fluidity.  
5.3.6 Surface Hydrophobicity 
The bacterial cell membrane consists of lipids, proteins, peptidoglycans, and lipopolysaccharides 
(Raetz et al. 2007). In an effort to query the changes occurring during SCFA adaptation, we 
measured the effect of C8 on the surface hydrophobicity of outer membrane (Fig. 5.S1 in the 
Supplementary Material). The 30 mM C8-adapted E. coli had a %MATH value of 5.0 %, which 
was much lower than unadapted E. coli at 22 %. The %MATH value quantifies adhesion to 
hydrocarbons and thus indicates cell surface hydrophobicity. Unadapted E. coli adhered 
significantly to hydrocarbons, but the 30 mM C8-adapted E. coli did not significantly adhere to 
hydrocarbons. Therefore, C8-adaptation can change the surface properties of the E. coli cell. 
5.3.7 Effect of Free Fatty Acid Production on Membrane Integrity 
The work described above analyzes the effect of free fatty acids on the wildtype E. coli. Through 
exogenous supplementation of SCFAs, we have observed that these compounds impact the 
membrane fluidity and leakage of unadapted cells; however, during adaptation changes in the 
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membrane composition and hydrophobicity are accompanied by increased resistance to the 
fluidizing effect of these compounds, but not a change in the resistance to fatty acid-induced 
leakiness. However, our ultimate goal is to apply this knowledge to fatty acid producing strains, 
not just strains challenged with exogenous fatty acids. Therefore, we tested a recently described 
fatty acid production strain (San, Li and Zhang 2011) for evidence of damaged cell membranes 
via changes in membrane fluidity and integrity (Fig. 5.4). 
 Specifically, we studied free fatty acid producing strain, ML103+pXZ18Z (Ranganathan 
et al. 2012). This strain produced a final total fatty acid titer of 0.6 g/L after 36 h fermentation in 
MOPS glucose minimal media. The majority of the free fatty acids were produced during 
stationary phase and these were predominantly C14:0 and C16:0.  
 Our measurement of membrane fluidity and leakage over the course of the fermentation 
demonstrated that fatty acid production was associated with a dramatic increase the membrane 
leakage, but not a significant change in membrane fluidity (Fig.5. 4). Considering that fatty acid 
production can be considered analogous to adaptation, these results are consistent with our 
exogenous supplementation results. Specifically, the fluidizing effects of fatty acids can be 
resisted by adaptation, but the fatty acid-induced leakage cannot. 
5.4 Discussion 
There is not much of a difference in the specific growth rate as the chain length of the 
fatty acid increases from six to eight carbons. The lower solubility of C10 in the media may be 
an exception to the trends shown by C6 and C8 and was not studied further. In our system, C10 
does not make micelles since it is above the melting temperature (32 °C), below the critical 
micelles concentration (100 mM), and at neutral pH [Cistola 1988]. Therefore, it is assumed that 
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the protonated C10 has a higher solubility within the membrane. The inhibition of C8 was further 
characterized by adjusting the media pH (Fig.5. 1c). Upon addition of C8, the growth inhibition 
exhibited an exponential decay due to a shift in the concentration of the protonated form (Fig. 
5.1d).  Our results are in agreement with previous reports (Carpenter and Broadbent 2009, Ricke 
2003, Russell 1991, Kamp and Hamilton 2006) that the protonated form is toxic to bacteria cells 
via permeation of the membrane to neutral lipophilic molecules and subsequent accumulation 
within the cell. 
 It is known that E. coli cells are dynamic and are able to adapt in stressful environments 
in order to survive. Therefore, we used short-term adaptation to study how E. coli can change 
under SCFA stress. We have shown that adaptation can allow E. coli to be more tolerant of 
SCFAs (Fig. 5.1e) by maintenance of the optimal membrane fluidity and possibly by 
restructuring of the membrane composition and surface properties, such as hydrophobicity. 
 We have shown that addition of octanoic acid decreases fluorescence polarization, which 
indicates an increase in fluidity (Fig. 5.2a). Membrane disruption is often a cause for toxicity of 
organic compounds, such as essential oils, cellulosic hydolysates, and cyclic hydrocarbons 
(Sikkema, de Bont and Poolman 1994, Di Pasqua et al. 2007, Mills, Sandoval and Gill 2009). 
Membrane fluidity is one physiological element that can be used to quantify membrane damage 
and study membrane dynamics. Presumably, SCFAs, such as octanoic acid, impact the 
membrane fluidity and integrity due to their partial solubility within the membrane (Walter and 
Gutknecht 1984, Kamp and Hamilton 2006). Integration of octanoic acid into the cellular 
membrane may have an effect of increasing fluidity by reducing the hydrophobic interactions of 
the fatty acid tails as they flow laterally and transiently within the lipid bilayer. 
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 It is known that bacteria are capable of changing their membrane composition in response 
to environmental conditions (Epand and Epand 2009). For example, the fatty acid profile of the 
membrane changes at different growth stages (De Siervo 1969). C8-adapted E. coli changed the 
membrane lipid composition (Fig. 5.3a), which possibly allows the cell to resist the fluidizing 
effects of SCFAs (Fig. 5.2a). The change in membrane lipid composition is characterized by a 
decrease in the S:U ratio and a significant increase in the average lipid length (Fig. 5.3b). The 
lipid profile is dominated by C16:0, which accounts for ~50 % of the total lipids. It appears that 
C8-adapted E. coli increased C17cyc at the expense of its precursor C16:1 upon the addition of 
10 mM C8. While there was no change in the S:U ratio at 10mM C8 adaptation, the lipid length 
increased. Cyclopropane lipids are often included in S:U ratio calculations as it is believed to act 
similarly to unsaturated lipids (Zhang and Rock 2008). While there are many reports of E. coli 
changing the S:U ratio in response to biofuels or solvents (Luo et al. 2009, Huffer et al. 2011), 
there are few reports of a change in lipid length. Increasing the lipid length may increase the 
membrane lipid bilayer thickness (Lewis and Engelman 1983, Veld et al. 1991), which was not 
measured here. Alterations in the membrane thickness may also distort curvature and protein 
conformation, which may disrupt membrane protein functions (Veld et al. 1991, Engelman 2005); 
however, on the other hand, a thicker membrane would limit the transport properties of the cell 
membrane, affecting both nutrient consumption and SCFA permeability. E. coli can use both the 
S:U ratio and the average lipid length to retain the optimum membrane fluidity. Both an increase 
in the average lipid length and an increase in the S:U ratio can increase the packing efficiency of 
the lipids within the membrane, thereby decreasing the membrane fluidity (Mykytczuk et al. 
2007). Therefore, an increase in the average lipid length could counter-balance the decrease in 
the S:U ratio to maintain the appropriate membrane fluidity. Bacteria cells have an elegant way 
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of dynamically changing the lipid distribution in the membrane as a way of controlling the 
membrane properties. 
 Membrane leakage is a useful indicator of the porosity of the cellular membrane. While E. 
coli naturally uses passive transport for important nutrients, a leaky membrane is a costly burden. 
One of the most important functions of the cell membrane is to selectively exclude harmful 
compounds and retain valuable metabolites. We have shown here that octanoic acid significantly 
disrupts the cellular membrane, allowing intracellular metabolites to leak out. Interestingly, 
leakage caused by octanoic acid addition was unaffected by C8-adaptation (Fig. 5.2b), unlike 
adaptation in yeast as recently reported (Liu et al. 2013). Therefore, the E. coli cells do not have 
an adaptive mechanism to reduce membrane leakage. 
 If the membrane thickness has increased as an adaptive response to C8 stress, presumably 
there are more opportunities for increasing the membrane porosity by changing the natural lipid 
order.  The extent of what passes through the membrane is unknown; another method may be 
useful for detection of larger biomolecules such as nucleotide leakage (Osman and Ingram 1985). 
Note that magnesium is critical for cellular function, including stabilization of the 
lipopolysacharide layer in the outer membrane, folding of nucleic acids, binding of tRNA to 
amino acids, and participating in more than 300 enzymatic reactions (Walker 1994). 
 Finally, the surface hydrophobicity of unadapted and C8-adapted E. coli was studied (Fig. 
5.S1 in the Supplementary Material). While unadapted E. coli had a %MATH value of 22 %, C8-
adapted E. coli had a value of only 5.0 %, indicating a decrease in cell surface hydrophobicity 
during adaptation. It is known that changes in the lipopolysacharide (LPS) layer of the outer 
membrane affect the cellular surface hydrophobicity (Aono and Kobayashi 1997, Li et al. 2012). 
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E. coli synthesizing more LPS develop an additional barrier to toxic hydrophobic chemicals. A 
change in the outer membrane permeability is known to aid cellular antibiotic resistance 
(Delcour 2009); therefore, it was not surprising that E. coli modified the cell surface properties in 
order to improve tolerance to SCFAs. 
 Monocaprylate inhibition is about four times greater than octanoic acid inhibition 
(Hyldgaard et al. 2012). The difference is possibly due to the chemical structure, where the fatty 
acid is bonded to a glycerol molecule, allowing greater incorporation into the membrane bilayer. 
We suspect that monocaprylate may be acting much the same as free fatty acids. Our study of the 
membrane and how inhibitors such as C8 affect it are in agreement with previous studies 
(Hyldgaard et al. 2012, Huffer et al. 2011). Our study has taken further steps to quantify the 
degree of inhibition, the mode of action, and subsequent membrane alterations in a 
comprehensive report. 
 Hyldgaard et al. (Hyldgaard et al. 2012) showed a morphological change when adding 
monocaprylate antibiotic to E. coli cells The C12:0 fraction may be correlated to the lipid A in E. 
coli, which is in the cellular outer membrane, where LPS may or may not be attached (Raetz et al. 
2007). A change in geometry from a rod-shape to an ellipsoid-shape could affect the relative 
amounts of C12:0. With increasing concentrations of C8, the C12:0 fraction is decreasing 
compared to the other lipids. Taken altogether, a change in the membrane lipid composition 
affects the membrane fluidity (Fig. 5.2a), porosity (Fig. 5.2b), transport (inferred from (Veld et al. 
1991)), surface chemistry (supplemental Fig. S1), and cellular morphology (inferred from 
(Hyldgaard et al. 2012, Mykytczuk et al. 2007)). 
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 Future studies to address SCFA toxicity could look at ways to alter the membrane 
composition of lipids as well as the surface hydrophobicity in an attempt to mitigate the 
perturbation of membrane properties. It may be that a design strategy for the production of 
SCFAs includes the production of long chain and unsaturated fatty acids for optimal membrane 
stability. It is possible to engineer the membrane; for example, it has been shown that an increase 
in saturated fatty acids in membrane composition can increase ethanol tolerance (Luo et al. 2009). 
Altering the membrane proteins may be also useful to reduce membrane permeability, neutralize 
fluidizing effects of membrane-soluble compounds, or restore protein functions. 
SCFAs are desirable biorenewable chemicals; however, like many interesting 
biorenewable fuels and chemicals, these compounds are inhibitory to E. coli. A current challenge 
in strain engineering is a fast and reliable method for rationally engineering biocatalysts for the 
production of target molecules at industrially relevant yields, titers, and productivities. Our 
framework for studying inhibition and membrane damage may be helpful in the engineering 
design of biocatalysts for production of biorenewable chemicals, particularly those with partial 
solubility in the cell membrane. While this work is aimed at SCFAs, it can be applicable to a 
broad range of potential target biorenewable compounds.  
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Tables and Figures 
Table 5.1 Strains and plasmids used in this reference 
Strain and 
plasmid 
Genotype Reference 
MG1655 
ATCC#700926 
F- lambda- ilvG- rfb-50 rph-1 Wildtype 
E. coli W 
ATCC#9637 
- Wildtype 
E. coli Crooks 
ATCC#8739 
- Wildtype 
ML103 MG1655∆fadD Li et al. (2012) 
pXZ18Z 
pTrc99a-acyl 
thioesterase R. communis-fabZ 
San et al. 
(2011) 
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a) 
 
b) 
 
Fig. 5.1 SCFAs inhibit the growth of E. coli, though adaptation can increase tolerance. 
a) Optical density at 24 h of three E. coli laboratory strains in the presence of octanoic acid. b) 
SGR of MG1655 as a function of SCFA concentration and chain length. c) SGR of MG1655 
upon addition of 10 mM C8 as a function of media pH. d) The SGR modeled as a function of the 
concentration of protonated C8 e) SGR of MG1655 in media of increasing C8 concentrations of 
MG1655 after short-term (3 h) adaptation to 30 mM C8. An asterisk indicates a significant 
difference (p-value <0.05) in the growth rate of adapted E. coli from its corresponding unadapted 
E. coli growth rate value at that concentration. All data is the average of at least three biological 
replicates, with error bars indicating standard deviation values. 
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Fig. 5.1 Continuted 
c)  
d)  
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Fig. 5.1 Continuted 
e)  
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a) 
 
b) 
 
Fig. 5.2. Increasing the concentration of octanoic acid increases the membrane fluidity and 
membrane leakage; adapted cells can resist the fluidizing effect, but not leakage. 
a) Fluorescence polarization of unadapted MG1655 and 30 mM C8 adapted MG1655 during log 
phase with C8 challenge. The polarization values are unitless. Eight technical replicates were 
averaged. An asterisk indicates significantly different values from the 0 mM control and a dagger 
symbol indicates significantly different values between adapted cells and unadapted cells (p-
value <0.05) b) Membrane leakage of E. coli in log phase with C8 challenge. The membrane 
leakage is reported as percent relative to the magnesium released during chloroform treatment. 
Three technical replicates were averaged for each treatment for the leakage test. All data is the 
average of at least three biological replicates, with error bars indicating standard deviation values. 
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a) 
 
b)   
 
Fig. 5.3. During adaptation E. coli decreases the saturated:unsaturated ratio and increases 
the average lipid length. 
a) Membrane lipid composition of log-phase E. coli cells adapted for 3 h to various 
concentrations of C8. C12:0- Lauric acid, C14:0- myristic acid, C16:1- palmitoleic acid, C16:0- 
palmitic acid, C17cyc- cyclopropane C17:0, C18:1- vaccenic acid, C18:0- stearic acid  b) Mol 
ratio of saturated to unsaturated fatty acids and the weight-average lipid length after adaptation. 
An asterisk indicates a significant difference from the control (0 mM) point (p-value <0.05). 
 
0 
10 
20 
30 
40 
50 
60 
C12:0 C14:0 C16:1 C16:0 C17cyc C18:1 C18:0 C19cyc 
M
o
l 
%
 m
e
m
b
ra
n
e
 l
ip
id
s
 
0 mM C8 
10 mM C8 
20 mM C8 
30 mM C8 
16.0 
16.1 
16.2 
16.3 
16.4 
1.2 
1.4 
1.6 
1.8 
2.0 
0 10 20 30 
A
v
e
ra
g
e
 l
ip
id
 l
e
n
g
th
 
S
:U
 r
a
ti
o
 
Concentration C8 (mM) 
S:U ratio 
Average length 
* 
* 
* 
*  
* 
* * 
129 
 
 
 
Fig. 5.4 Fatty acid production in strain ML103+pXZ18Z is accompanied by increased 
membrane leakage but not a change in membrane fluidity. 
Membrane fluidity as measured by fluorescence polarization and membrane leakage as a 
function of the total fatty acid titer. The data represents the average of two simultaneously-run 
fermenters. The error bars indicate the standard deviation.  
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CHAPTER 6 TRANSCRIPTOME ANALYSIS IN CONSTRUCTING 2
nd
 GENERATION 
E.COLI STRAIN TO OVERPRODUCE FATTY ACIDS 
 
 (This chapter is a following-up for the work “2nd Generation Strain Design for the 
Overproduction of Fatty Acids in E. coli:  An Integrated Approach using Computational, 
Experimental and Omics Tools”) 
6.1 Introduction 
  Fatty acids are becoming more and more attractive, due to its potentiality in biofuel 
production. Free fatty acids can be used as a platform for many chemicals through catalysts, such 
as: alkanes/ alkenes, fatty esters, fatty alcohols etc (Clomburg et al. 2011, Fjerbaek, Christensen 
and Norddahl 2009, Steen et al. 2010b, Lennen et al. 2010). Medium chain length carboxylic 
acids drives more attention because of their broad application in our life (Steen et al. 2010b). 
Thus, biocatalysts with high product yield, titer and productivity are desirable in order for 
fermentative processes to be economically competitive with petroleum-based processes (Abbott 
et al. 2009, Liu and Jarboe 2012a). 
 In metabolic engineering of microbes to produce valuable chemicals, omics analysis, 
such as transcriptome analysis and flux analysis can provide the global information from 
disturbed metabolism and find the potential target genes for problem solving (Liu and Jarboe 
2012a). Transcriptome analysis, either by DNA microarray or sequencing-based quantification, 
has proven to be a powerful tool in the identification of novel target genes for improving strain 
performance (Hirasawa et al. 2010). The distribution of metabolic flux through various metabolic 
networks plays a key role in determining biocatalyst behavior. It not only provides a general 
view of the distribution of carbon throughout the metabolic network, but also quantifies 
intracellular metabolite turnover rates for specific metabolic pathways (Liu and Jarboe 2012a). 
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Combinations of these different omics tools, together with computational tools, will be useful to 
understand  biological system comprehensively. 
In previous study, one integrated method involving OptForce algorithm and metabolic 
flux analysis successfully predicted the genetic manipulations to improve the production of 
medium chain length fatty acids (C14 and C16 mixture) (Ranganathan et al. 2012). The 
following genetic manipulations including fabZ (β-hydroxyacyl-ACP dehydratases) and acyl-
ACP thiesterase (from Ricinus. Communis) upregulation and fadD (fatty acyl-CoA synthetase) 
deletion were conducted, which produced a strain with 39% maximum theoretical yield for a 
mixture of C14 and C16. In order to engineer this strain to produce satisfied titers, the second-
round metabolic engineering were performed. In the new plan, we still used OptForce procedure 
and metabolic flux analysis to identify the most promising engineering interventions, which lead 
to the overproduction of target fatty acids. Meanwhile, transcriptome analysis was conducted for 
samples collected at the same growth condition as metabolic flux analysis. Current chapter will 
focus on the results of transcriptome analysis and several genetic manipulations guided from 
transcriptome results were also performed. 
6.2 Methods 
6.2.1 Strains and Culture 
The E. coli strain ML103 (∆fadD) carrying plasmid pXZ18Z (fabZ+, thioesterase from R. 
communis) was used as the reference strain for this study. A single colony from the plate was 
grown in 5 mL M9 medium supplemented with 1.5% glucose and 100 mg/L ampicillin for 16-20 
hours in orbital shaker at 30
o
C and 250 rpm. The pre-culture was then inoculated into 250mL 
flasks containing 50mL M9 medium with 1.5% glucose and 100 mg/L ampicillin. The 
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expression of acyl-ACP thioestersase was induced by the addition of 1mM IPTG. Samples were 
taken at 48 hours for measurement of fatty acids.  
6.2.2 Biofilm Formation 
The formation of biofilm was performed as described previously (Ren et al. 2004). 
Biofilm cells and suspension cells were dried completely in vacuum centrifuge to get a weight of 
biomass. Then, the cells were re-dissolved in 1mL water for the following fatty acid extraction. 
6.2.3 Gene Deletion and Plasmid Construction 
Deletion of the nitrogen regulatory protein (glnG) in E. coli strain ML103 was performed 
following Datsenko and Wanner’s method (Datsenko and Wanner 2000). For expression of three 
transporters, pZS plasmid provided by Dr Gonzalez (Shams Yazdani and Gonzalez 2008), was 
used for overexpression of YhjX MFS transporter (yhjX) and hereologous expression of ATP-
dependent permease (PDR12) and Transporter of polyamines 1(TPO1) from S. cerevisiae. Linear 
pZS plasmid was prepared through double digestions by KpnI and MluI (New England Biolabs, 
Ipswich, MA, USA). A 1.2 kb gene fragment of yhjX was amplified from the E. coli genome. A 
4.6 kb gene fragment of PDR12 and a 1.8 kb gene fragment of TPO1 were amplified from S. 
cerevisiae genome respectively. 20 µl polymerase chain reactions (PCR) were performed with 
the following components: 0.5µl bacterial DNA, 10 µl 2x Taq PCR Master Mix (Qiagen, 
Valencia, CA, USA), 0.2 µl each primer and 9.1 µl RNase-free water. Amplification was 
conducted in a BioRad iCycler Thermocycler (BioRad, Hercules, CA, USA) under the following 
conditions: initial denaturation at 94°C for 3 minutes, followed by 30 cycles of denaturation at 
94°C for 1 minute, annealing at 58°C for 30 seconds and extension at 72°C for 3 minutes, and a 
final extension at 72°C for 7 minutes. Gibson assembly (New England Biolabs, Ipswich, MA, 
USA) was used to ligate gene fragment into pZS plasmid, following a transformation into the 
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competent cells of Top10 E. coli (Invitrogen, Carlsbad, CA, USA) by heat shock. The positive 
colonies in gene deletion and plasmid construction were selected on Luria Broth with selective 
plates (ampicillin or chloramphenicol) and confirmed by PCR. All primers are included in Table 
6.1. 
6.2.4 RNAseq Transcriptome Profiling 
Samples for RNA isolation were collected from the bioreactor at mid-log phase (OD ~2.0) 
and immediately cooled in the dry ice-ethanol bath. After centrifuging for 10 minutes (4
o
C, 
8000x g), the supernatant was discarded and cell pellets were resuspended in 2mL RNA Later 
solution (Qiagen) and kept at -80
o
C. Total RNA was purified using Qiagen RNeasy mini kit 
according to the product handbook with application of DNase to remove genome DNA. The 
mRNA was then purified using MICROBExpress Kit (Life Technology, CA) following the 
manufacturer’s protocol. 
The high-throughput mRNA sequencing (RNA-seq) for three control and three IPTG 
treatment samples was performed at Iowa State University DNA Facility using the Illumina 
HiSeq 2000 platform. The short reads obtained were paired-end and 100 base pairs (bp) in length. 
Differential gene and transcript expression analysis was performed using the Tuxedo protocol 
(Trapnell et al. 2012). The E. coli K-12 MG1655 genome (Blattner et al. 1997) was used as a 
reference genome and a General Feature Format (GFF) file was generated from EcoCyc data to 
provide transcriptome annotations. 
In accordance with the Tuxedo protocol, TopHat (version 2.0.3) (Trapnell et al. 2012) 
was run to map reads from each sample to the reference genome. The underlying alignment 
algorithm was Bowtie2 (version 2.0.0-beta5) (Langmead and Salzberg 2012). Next, Cuffdiff, 
from the Cufflinks RNA-Seq analysis tools (version 2.0.0), was used to estimate transcript 
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abundance and test for differential expression. The three control and three treatment samples 
were each pooled for this analysis. Sets of genes with significant increases or decreases in 
abundance were examined for common biological processes as described in associated Gene 
Ontology (Ashburner et al. 2000) annotations. BiNGO (Maere, Heymans and Kuiper 2005), a 
plugin for Cytoscape (Smoot et al. 2011), was used to identify overrepresented terms and 
generate a visualization of the ontology. Additionally, Network Component Analysis (NCA) 
(Kao et al. 2004) was used to predict transcription factor activities based on fold changes of 
genes with a significant False Discovery Rate (FDR) corrected p-value. 
6.2.5 Fatty Acid Analysis:  
Cell cultures were harvested and prepared for fatty acid analysis as described previously 
(Ranganathan et al. 2012). Fatty acids in the broth were extracted using chloroform, methylated 
into methyl esters and recovered using hexane. Tridecanoic acid, pentadecanoic acid and 
heptadecanoic acid were added as internal standards in all samples before extraction. The fatty 
acid content was analyzed using an Agilent GC-FID/MS system. Raw MS and FID data was 
integrated using Chemstation software. Compound peaks were assigned by running standards or 
referring to the mass fragmentation in the NIST library. 
6.3 Results and Discussion 
6.3.1 RNA-seq Results 
Transcriptome analysis was performed to explore the effect of fabZ overexpression. 
Using a transcriptome of 4,498 annotations generated from EcoCyc gene data, 4,114 genes were 
successfully tested using Cuffdiff. Of these, 146 genes have FDR corrected p-values < 0.05 and 
are determined to exhibit significant change between the control and treatment samples. 116 
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genes had positive fold changes that range from 2.45 to 10.72, and 30 genes have negative fold 
changes that range from -2.23 to -4.53. Significantly perturbed genes are listed in Table 6.2, 
Transcription factors predicted by NCA are listed in Table 6.3. ArgR, CRP, LexA, NtrC, and 
RcsAB are predicted to have increased activity, while FlhDC, FNR, and H-NS are predicted to 
exhibit decreased activity. 
6.3.2 Functional Genomics Guided Strain Engineering 
Based on RNA-seq results, under the condition of fatty acid production, genes related to 
biofilm formation and transporters were largely disturbed. Furthermore, NCA predicted that 
NtrC increased activity about 5 fold, NtrC controls the expression of genes involving in nitrogen 
limitation (Zimmer et al. 2000). Upregulated genes in nitrogen assimilation in RNA-seq results 
are consistent with our NCA prediction. Thus, these genes and transcription factor were selected 
as targets for additional strain engineering. 
Transporters 
 Endogenous free fatty acids (FFA) have been reported to reduce cell viability, decrease 
membrane integrity and induce membrane stress response, possibly due to FFA intercalation in 
the inner membrane (Lennen et al. 2011). In current strain (ML103-pXZ18Z), disrupted 
membrane integrity has been confirmed through detection of magnesium leakage (Royce et al. 
2013). Thus, identification of FFA exporters to increase the export of free fatty acids from the 
cells should avoid this negative effect. In this work, potential transporter genes were selected 
based on two strategies: 1) Transporters have been reported to be involved in export of FFA. 
This included two transporters from S. cerevisiae: PDR12 and TPO1. 2) Genes encoding 
transporters in major facilitator superfamily (MFS) were identified as having increased 
expression in fatty acid producing strains (Table 1). These encompassed yhjX, yhdW and ynfM. 
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 Heterologous expression of PDR12 and TPO1 were conducted in our host strain (Fig 6.1). 
Pdr12p ABC transporter and Tpo1p MFS transporters were reported to be involved in  octanoic 
acid tolerance and export (Legras et al. 2010). However, there is no effect on FFA titers in 
current study, possible due to specificity of these two transporters or their expression level in our 
host strain. Before we get a final conclusion, currently, we are planning to extract protein profiles 
to verify the expression of these two transporters.  
Among the transporters disturbed in RNA-seq, yhjX was investigated firstly because its 
higher upregulation. yhjX codes an inner membrane protein belonging to MFS transporters. It 
was reported to be induced in benzoate response in E.coli (Kannan et al. 2008), but the 
mechanism is not known. Overexpression of yhjX decreased FFA titers 41% of the control 
strains (Figure 6.1) and final OD was much lower than the control (Table 6.4). The toxicity from 
overexpression of yhjX indicates that yhjX is possible involved in some metabolism process, and 
the high-level expression of this transporters disrupted the cell’s normal metabolic function. 
Further experiments including deletion of yhjX will be conducted to identify its role in fatty acid 
production. 
Nitrogen limitation 
 When bacteria encounter nitrogen limitation, nitrogen regulatory protein (NtrC) will be 
activated for transport or catabolism of alternative nitrogen source, such as activating genes 
involving assimilation of ammonium, glutamate and glutamine catabolism or spare the 
requirement for these nitrogen intermediates (Zimmer et al. 2000). 20 genes upregulated in our 
RNA-seq data were under NtrC control (Table 1). amtB encoded an ammonia transporter with 
upregulated activity under nitrogen limitation; rutABCDEFG operon is responsible for  
pyrimidine utilization to produce utilized nitrogen source (Loh et al. 2006); and the nitrogen 
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assimilation control protein (Nac) worked as an adapter of NtrC (Zimmer et al. 2000). We firstly 
supplemented 2g/L ammonium chloride (NH4Cl) in the medium to test whether increased 
external nitrogen level will promote FFA production (Figure 6.2a), however, no effect on FFA 
titers was detected. In E.coli, the nitrogen regulation involves a two-component system. The 
activation of NtrC needs phosphorylation catalyzed by NtrB, a membrane histidine autokinase. 
Based on no effect of NH4Cl supplementation, we hypothesized that damaged membrane 
integrity may affect normal function of NtrB to produce a wrong signal of nitrogen limitation, 
which activated NtrC to give excess nitrogen source. Thus, glnG, encoding NtrC protein, was 
deleted. The FFA titers were compared between glnG-KO strain and the control strain. Figure 
6.2b showed that glnG-KO strain increased 11% FFA titers than the control one, but there is no 
significant difference between these two strains. 
Biofilm formation 
Biofim is a structured community of cells, which embedded in a self-produced metrix, 
including protein, polysaccharides and DNA, Exopolysaccharides (EPSs) are a major component 
of biofilms in bacteria. Colanic acid is an EPS in E.coli K-12 and plays a critical role in the 
formation of the complex three-dimensinal structure and depth of biofilm (Danese, Pratt and 
Kolter 2000). In our RNA-seq results, we observed increased activity in a large group of colanic 
acid related genes and biofilm related genes, especially wcaF, the required gene for colanic acid 
production in E.coli (Danese et al. 2000). As biofilm have been applied in biofuel production, 
such as cellulose hydrolysis (Wang and Chen 2009), we explored whether promoted formation of 
biofilm increase fatty acids production or not. Glass wools have been used to form biofilm in 
E.coli (Ren et al. 2004). Here, we cultured our strains with and without glass wool and the fatty 
acids/biomass between free cells and cells in biofilm was calculated. The results showed that 
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cells embedded in biofilm did not increased fatty acids production than the free cells (Figure 6.3). 
Although large group of upregulated genes indicated the formation of biofilm during fatty acid 
production, it is possibly due to the cell’s physiology response induced by fatty acid stress. 
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Tables and Figures 
Table 6.1 The primers used for deletion of glnG and overexpression of yhjX, PDR12 and TPO1 
Primer Sequence 
glnG-ko-F (5’-CATACCGAGTTCTCGGTTTACCTGCCTATCAGGAAATAAAGGTGACGTTT 
GTGTAGGCTGGAGCTGCTTC-3’) 
glnG-ko-R (5’- AATACCAGCAATTTGCGCTCAATAATCAATCTTTACACACAAGCTGTGAA 
ATGGGAATTAGCCATGGTCC -3’) 
glnG-v-F (5’-TGTTTTACCCGATGGTCAGC-3’) 
glnG-v-R (5’- GTTTTCCGGGCAAGATCATA-3’) 
yhjX-F (5’- CATTAAAGAGGAGAAAGGTACCatgACACCTTCAAATTATCAGCGT-3’) 
yhjX-R (5’- TTGATGCCTCTAGCACGCGTTTAAAGGGAGCCATGCGCCT-3’) 
PDR12-F (5’- CATTAAAGAGGAGAAAGGTACCATGTCTTCGACTGACGAACAT-3’) 
PDR12-R (5’- TTGATGCCTCTAGCACGCGTAGGACGCCAAAATTTGTGAA-3’) 
TPO1-F (5’- CATTAAAGAGGAGAAAGGTACCATGTCGGATCATTCTCCCA-3’) 
TPO1-R (5’- TTGATGCCTCTAGCACGCGTTTAAGCGGCGTAAGCATACT-3’) 
   ko- knock out primer; v-verification primer 
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Table 6.2 Relative gene transcript changes measured by RNAseq for ML103 pXZ18Z under the 
control versus fatty acid overproduction condition. The strain was cultured in M9 minimal 
medium with 1.5% glucose in fermentors. (p<0.05) 
gene 
 
log2(fold_change) 
Colanic Acid Production 
wcaE 
 
6.68 
wcaF 
 
5.82 
wcaD 
 
5.55 
wcaI 
 
5.53 
wcaB 
 
5.40 
wcaJ 
 
5.40 
wcaC 
 
5.37 
wcaA 
 
5.27 
wcaK 
 
4.91 
wcaL 
 
3.55 
wcaM 
 
3.14 
wzb 
 
5.74 
wzc 
 
5.42 
wza 
 
5.42 
wzxC 
 
4.92 
gmm 
 
6.66 
gmd 
 
6.17 
cpsG 
 
5.82 
cpsB 
 
5.25 
fcl 
 
6.57 
mcbA 
 
3.74 
Biofilm Formation 
yjbE 
 
8.34 
bdm 
 
5.28 
ydeI 
 
4.00 
ychH 
 
3.34 
ycfJ 
 
3.09 
ariR 
 
3.14 
hha 
 
1.72 
tomB 
 
2.26 
bssR 
 
3.68 
bssS 
 
2.34 
Stress Response 
ydeI 
 
4.00 
ychH 
 
3.34 
ygiW 
 
3.09 
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yodD 
 
3.07 
gadA 
 
3.32 
gadB 
 
3.27 
gadC 
 
3.22 
gadE 
 
2.88 
gadW 
 
1.75 
gadY 
 
1.65 
gadX 
 
2.12 
hdeD 
 
2.43 
hdeA 
 
2.30 
hdeB 
 
2.28 
Membrane Protein 
wza 
 
5.42 
yneM 
 
4.42 
yohC 
 
4.38 
ymgE 
 
3.65 
yjiY 
 
3.37 
yaiY 
 
3.16 
yibI 
 
3.01 
yibH 
 
2.78 
yqaE 
 
2.74 
yfeN 
 
2.52 
yncL 
 
2.45 
ompW 
 
-3.07 
ompF 
 
-3.26 
Fatty Acid Biosynthesis 
fabZ 
 
2.62 
tesB 
 
2.00 
Transporters 
rutG  
yhjX  
yhdW  
ddpA  
glnH  
ynfM 
argT  
ydcS  
chaC  
ydcT  
yhdX  
yhdY  
rbsA  
 
 
 
 
 
 
 
 
 
 
 
8.36 
6.31 
5.19 
4.54 
4.19 
4.13 
4.11 
3.76 
3.48 
3.20 
3.14 
2.57 
-2.51 
-3.06 
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artJ  
uraA  
-3.40 
 
NtrC regulon 
rutA  
 
10.7188 
rutC  
 
10.4149 
rutB  
 
10.0787 
rutD  
 
9.90879 
rutF  
 
9.01126 
rutE  
 
8.57339 
rutG  
 
8.36152 
glnK  
 
7.06072 
amtB  
 
6.48081 
nac  
 
6.37491 
ddpX  
 
5.79222 
yeaH  
 
5.3042 
yeaG  
 
4.92109 
ddpA  
 
4.53586 
glnH  
 
4.19255 
argT  
 
4.11008 
yhdW  
 
5.18807 
yhdX  
 
3.13843 
yhdY  
 
2.5681 
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Table 6.3. Transcription factors significantly perturbed by IPTG induction for fatty acid 
production as determined by network component analysis 
TF  TFA125  TFA381  Description  
ArgR  2.784  2.784  Arginine repressor  
CRP  3.048  3.047  cAMP receptor protein/catabolite gene activator protein  
FlhDC  -2.514 -2.514  FlhDC DNA-binding transcriptional dual regulator  
FNR  -3.233  -3.233  FNR DNA-binding transcriptional dual regulator  
Fur  3.077  3.077  Ferric Uptake Regulation  
H-NS  -2.423  -2.423  Histone-like nucleoid structuring protein  
LexA  4.444  4.222  LexA DNA-binding transcriptional repressor  
NtrC  4.985  4.611  NtrC transcriptional dual regulator  
RcsAB  2.784  2.784  Regulator capsule synthesis B  
 
 
Table 6.4 Final OD between yhjX overexpression strain and the control strains 
Strains Final OD after 48h 
ML103+pXZ18Z 5.13±0.6 
ML103+pXZ18Z+pZS 4.79±0.13 
ML103+pXZ18Z+pZS-yhjX 1.92±0.04 
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Figure 6.1 Overexpression of E.coli native transporter yhjX decreased fatty acid titers, but no 
effect was observed in heterologous expression of PDR12 and TPO1 transporters from S. 
cerevisiae. Three replicates were conducted. 
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a) 
 
b) 
 
 
Figure 6.2 a) Supplementation of NH4Cl in FFA production; b) Fatty acid titers in the control 
strain (ML103+pXZ18Z) and glnG deletion strain. Three replicates were conducted. 
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Figure 6.3 Cells embedded in biofilm did not increase fatty acid production. Biofilm was formed 
on 0.5g glass wool. Three replicates were conducted. 
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CHAPTER 7 CONCLUSION 
 
Free carboxylic acids are attractive intermediates, due to their potentiality in biofuel. This 
thesis focused on the toxicity mechanism of carboxylic acids in biocatalysts and transcriptome 
analysis to construct E.coli strain for production of carboxylic acids. 
Product toxicity is often problematic during biochemical production. S. cerevisiae and 
E.coli are ideal biocatalyst models due to simple growth requirement and complete genetic 
information. In current study, the toxicity of the carboxylic acids hexanoic, octanoic, and 
decanoic acid on S. cerevisiae and E.coli were inverstigated with a focus on octanoic acid. The 
response of S. cerevisiae to carboxylic acids (hexanoic, octanoic, and decanoic acid) is not only 
dependent on concentrations, but also increased as elevated chain length (Chapter 4). The 
inhibition mechanism was investigated further by comparing transcription profile between 
octanoic-stressed cells and unstressed cells. Transcriptome analysis and network component 
analysis implied that membrane intergirity was disrupted. The following experiments confirmed 
induced membrane leakage under octanoic acid stress in a dose-dependent and chain-length 
dependent manner. This induction of membrane leakage could be significantly decreased by 
inctroducing endogenous oleic acid into cell membrane. Similar phenomena was also found in 
E.coli cells.  Although E.coli cells showed different response from S. cerevisiae when stressed by 
hexanoic, octanoic, and decanoic acid (Chapter 5), similar disrupted membrane intergirity also 
occurred in octanoic acid stressed cells. Octanoic acid significantly decreased the membrane 
polarization and increased the leakage of magnesium from the cells. The lipid analysis between 
adapted E.coli cells and un-adapted cells showed that saturated:unsaturated lipid ratio increased 
under stress. Additional metabolic engineering strategies may be applied to manipulate 
membrane lipid profile to make a stronger cell membrane. 
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Omics analysis has been applied successfully in production of lactic acid, malic acid and 
succinic acid in E.coli and S. cerevisiae (Chapter 3). In Chapter 6, we applied whole-genenome 
transcriptomic analysis to construct a robust E.coli strain for production of medium chain length 
carboxylic acids. The first generation engineered strain ML103 (pXZ18Z) (deletion of fatty acid 
β-oxidation pathway, over-expression of fatty acid elongation gene (fabZ) and acyl-ACP 
thioesterase from R. communis ) was used as a host strain to study the possible pathway. 
Transcriptome analysis revealed a series of disturbed genes and transcription factors including 
stress response, biofilm, transporters, nitrogen limitation and membrane disruption. This study 
will be integrated with flux analysis and OptForce (one computational tool) to engineer 
microbial strains to overproduce vablubale chemicals or biofuels. Alough we have tested several 
potential targets according to transcriptomic data, additional works to reveal more mechanisms 
and pathways for overproduceing fatty acids should be conducted in furture.  
 
 
 
 
 
 
